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Levoglucosan is the major anhydrosugar component of bio-oil produced by fast
pyrolysis. Previous research has shown that levoglucosan yield can be greatly increased if
a mild acid pretreatment is applied to demineralize the feedstock prior to pyrolysis. The
interest in levoglucosan production is that it provides a route to production of monomeric
sugars, primarily glucose, which can be utilized to produce biochemically derived fuels
(ethanol, butanol, etc.).
In one study, four different lignocellulosic biomass were subjected to pyrolysis as
feedstocks to produce bio-oils via fast pyrolysis in a 7 kg/h feed rate auger reactor.
Feedstocks were pretreated with dilute phosphoric acid and bio-oils were produced and
analyzed to compare the bio-oil characteristics from both untreated and treated
feedstocks. The results shown in this study strongly indicate that the ash content and
alkali metal content are very important parameters which can greatly affect the yield and
many properties of bio-oils produced during fast pyrolysis. The dilute acid pretreatment
performed in this study significantly reduced the total ash content and alkali metal
content in the feedstocks, resulting in a great increase in the bio-oil and levoglucosan

yields. It was also shown that dilute acid pretreatment was more effective in treating
herbaceous feedstocks than woody biomass in terms of increasing bio-oil production
yield and improving bio-oil properties.
In one study, bio-oil composed of high levoglucosan concentration was produced
via fast pyrolysis of dilute acid pretreated loblolly pine wood in an auger reactor. Waterto-bio-oil ratio, temperature, and time were selected as the three parameters to investigate
the optimal condition for extracting the maximum amount of levoglucosan from the biooil. The optimal condition for levoglucosan extraction determined was 1.3 : 1 (water-tobio-oil ratio), 25 oC, and 20 min, producing a levoglucosan yield of 12.7 wt %.
The final study developed a new method based on pyrolysis of dilute acid
pretreated loblolly pine wood and modification of the pyrolysis process. This new
method resulted in a significant 30.7 wt% increase in levoglucosan concentration in the
bio-oil organic portion. The results indicated that this method successfully suppressed the
levoglucosan decomposition during fast pyrolysis.

ACKNOWLEDGEMENTS
First of all, I would like to express my sincere gratitude to my major professor Dr.
Philip H. Steele for his continuous guidance, advice and support throughout my entire
academic career. Dr. Steele is a wonderful mentor, teacher, and advisor. I would also like
to thank Dr. Leonard L. Ingram Jr., Dr. EL Barbary Hassan and Dr. Radhakrishnan
Srinivasan for their guidance and service as committee members. Deep appreciation is
due for all the professors of the Department of Forest Products for their teaching and
guidance during my study in this program.
Special thanks to Dr. Leonard L. Ingram Jr. and Dr. EL Barbary Hassan, who
have generously offered advice, guidance and support with their expertise in instrumental
analysis. Last but not least, I would like to express my sincere appreciation to Mr. Brian
Mitchell of the Department of Forest Products for his time and valuable help with
operation of the pyrolysis auger reactor.
Finally, I would like to extend special words of appreciation to the most important
persons in my life: my father Xingeng Li, my lovely mother Huizhen Liu, my beloved
husband An Mao, and my sister Lan Li for their endless love and selfless support.

ii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ................................................................................................ ii
LIST OF TABLES ............................................................................................................. vi
LIST OF FIGURES .......................................................................................................... vii
CHAPTER
I.

INTRODUCTION .............................................................................................1
Background ........................................................................................................1
Objective Statement ...........................................................................................3
Literature Cited ..................................................................................................6

II.

LITERATURE REVIEW ..................................................................................7
Fast pyrolysis of Lignocellulosic Biomass and Bio-oil Characteristics ............7
Levoglucosan Production from Lignocellulosic Biomass via the
Pyrolytic Route ....................................................................................17
Biomass Fast Pyrolysis Mechanism and Kinetics ...........................................28
Levoglucosan Extraction and Hydrolysis ........................................................33
Literature Cited ................................................................................................37

III.

BIO-OIL CHARACTERIZATION AS INFLUENCED BY
FEEDSTOCK CHEMICAL COMPOSITION ...................................43
Abstract ............................................................................................................43
Introduction ......................................................................................................44
Materials and Methods .....................................................................................54
Materials Preparation .................................................................................54
Biomass Pretreatment ................................................................................55
Fast Pyrolysis in an Auger Reactor ............................................................55
Biomass Compositional Characterization ..................................................56
Composition Analysis of Non-condensable Gases ....................................57
Elemental Analysis ....................................................................................58
Bio-oil Characterization .............................................................................58
Gas Chromatography/Mass Spectrometry (GC/MS) .................................59
Experimental Design ..................................................................................59
Results and Discussion ....................................................................................61
iii

Feedstock Characterization ........................................................................61
Particle Size Selection................................................................................62
Relationships between Biomass Chemical Composition and Bio-oil
and Char Yields..............................................................................63
Effects of Biomass Chemical Composition on Bio-oil Properties.............70
Principal Component Analysis ..................................................................75
Summary ..........................................................................................................77
Literature Cited ................................................................................................79
IV.

WATER ADDITION TO EXTRACT MAXIMUM
LEVOGLUCOSAN FROM THE BIO-OIL PRODUCED VIA
FAST PYROLYSIS OF PRETREATED LOBLOLLY
PINEWOOD ........................................................................................82
Abstract ............................................................................................................82
Introduction ......................................................................................................83
Materials and Methods .....................................................................................86
Materials ....................................................................................................86
Biomass Pretreatment ................................................................................86
Fast Pyrolysis in an Auger Reactor ............................................................87
Bio-oil Characterization .............................................................................88
Levoglucosan Extraction from Bio-oil ......................................................90
Effects of water to bio-oil ratio on the bio-oil fractionation
components ..............................................................................90
Effects of Temperature, Time, and Water-to-bio-oil Ratio on
the Extraction Yield of Levoglucosan into the Aqueous
Fraction ....................................................................................91
Statistical Analysis .....................................................................................93
Results and Discussion ....................................................................................94
Effects of Water to Bio-oil Ratio on the Bio-oil Fractionation .................94
Optimal Condition for Maximum Extraction Yield of
Levoglucosan into the Aqueous Fraction ......................................97
Summary ........................................................................................................100
Literature Cited ..............................................................................................102

V.

PYROLYTIC SPRAY INCREASES LEVOGLUCOSAN
PRODUCTION DURING FAST PYROLYSIS ................................104
Abstract ..........................................................................................................104
Introduction ....................................................................................................104
Materials and Methods ...................................................................................107
Materials ..................................................................................................107
Pretreatment .............................................................................................108
Fast Pyrolysis with Water Spray in an Auger Reactor ............................108
Composition Analysis of Non-condensable Gases ..................................110
Bio-oil Characterization ...........................................................................111
iv

Water Content ....................................................................................111
Gas Chromatography/Mass Spectrometry (GC/MS) .........................111
Statistical Analysis ...................................................................................112
Results and Discussion ..................................................................................113
Pyrolysis Mass Balance and Yields of Char, Bio-oil, and Noncondensable Gas...........................................................................113
Gas Chromatography Analysis of Non-condensable Gas ........................114
Gas Chromatography/Mass Spectrometry (GC/MS) Analysis of
Bio-oils .........................................................................................116
Summary ........................................................................................................122
Literature Cited ..............................................................................................124
APPENDIX
A.

THE CALCULATED CONCENTRATIONS OF 32 TARGET
COMPOUNDS AS A WEIGHT PERCENTAGE IN BIO-OIL
PRODUCED FROM UNTREATED LOBLOLLY
PINEWOOD ......................................................................................126

B.

THE CALCULATED CONCENTRATIONS OF 32 TARGET
COMPOUNDS AS A WEIGHT PERCENTAGE IN BIO-OIL
PRODUCED FROM TREATED LOBLOLLY PINEWOOD .........128

C.

THE CALCULATED CONCENTRATIONS OF 32 TARGET
COMPOUNDS AS A WEIGHT PERCENTAGE IN BIO-OIL
PRODUCED FROM UNTREATED SWEETGUM ........................130

D.

THE CALCULATED CONCENTRATIONS OF 32 TARGET
COMPOUNDS AS A WEIGHT PERCENTAGE IN BIO-OIL
PRODUCED FROM TREATED SWEETGUM ..............................132

E.

THE CALCULATED CONCENTRATIONS OF 32 TARGET
COMPOUNDS AS A WEIGHT PERCENTAGE IN BIO-OIL
PRODUCED FROM UNTREATED SWITCHGRASS ..................134

F.

THE CALCULATED CONCENTRATIONS OF 32 TARGET
COMPOUNDS AS A WEIGHT PERCENTAGE IN BIO-OIL
PRODUCED FROM TREATED SWITCHGRASS ........................136

G.

THE CALCULATED CONCENTRATIONS OF 32 TARGET
COMPOUNDS AS A WEIGHT PERCENTAGE IN BIO-OIL
PRODUCED FROM UNTREATED CORN STOVER ...................138

H.

THE CALCULATED CONCENTRATIONS OF 32 TARGET
COMPOUNDS AS A WEIGHT PERCENTAGE IN BIO-OIL
PRODUCED FROM TREATED CORN STOVER .........................140
v

LIST OF TABLES
3.1

Chemical composition characterization of untreated and treated
feedstocks. ..............................................................................................64

3.2

Elemental and alkali metal content of untreated and treated feedstocks. ...........65

3.3

Mass balance of fast pyrolysis of untreated and treated feedstocks. ..................66

4.1

Mass balance closure for fast pyrolysis of pretreated pinewood........................88

4.2

Characteristics of the bio-oil produced from fast pyrolysis of dilute acid
pretreated loblolly pine wood. ................................................................89

4.3

Water to bio-oil weight ratios applied for investigation. ...................................90

4.4

Parameter levels for the Box Behnken Design experiments. .............................92

4.5

Combination of parameters for the Box Behnken Design extraction
experiments. ...........................................................................................93

4.6

Parameter combinations and levoglucosan yields (wt %) for the Box
Behnken Design extraction experiments. ...............................................98

5.1

Treatments, biomass and spray volumes applied. ............................................110

5.2

GC conditions applied for the analysis of non-condensable pyrolysis
gases exiting the pyrolysis reactor........................................................111

5.3

Percentage yields of bio-oil, char, and non-condensable gases based on
feedstock weight. ..................................................................................114

5.4

Non-condensable gas composition for the four treatments. .............................115

5.5

The calculated concentrations of 27 target compounds as a weight
percentage in whole bio-oil samples. ...................................................117

5.6

Bio-oil characterization in weight percentage by treatments. ..........................118

vi

LIST OF FIGURES
2.1

Two competitive pathways of degradation of cellulose (Radlein et al.
1991).......................................................................................................29

2.2

Levoglucosan fragmentation mechanism (Piskorz et al. 1986). ........................31

2.3

Hydroxyacetaldehyde fromation (Richards 1987). ............................................32

2.4

The acid-catalyzed hydrolysis of levoglucosan to glucose (Olson and
Freel 2007). ............................................................................................35

3.1

Regression equations relating biomass ash content to bio-oil yield and
char yield. ...............................................................................................67

3.2

Regression equations relating biomass lignin content to bio-oil yield and
char yield. ...............................................................................................68

3.3

Regression equations relating biomass holocellulose-to-lignin ratio to
bio-oil yield and char yield.....................................................................69

3.4

The mean response plot for water content of bio-oils produced from
different feedstock type. .........................................................................72

3.5

The mean response plot for total acid number (TAN) of bio-oils
produced from different feedstock type. ................................................73

3.6

The mean response plot for levoglucosan percentage in bio-oils
produced from different feedstock type. ................................................75

3.7

Principle component analysis of bio-oil yields and properties for
untreated and treated feedstocks (Scores Plot). ......................................76

3.8

Principle component analysis of bio-oil yields and properties for
untreated and treated feedstocks (X-loadings Plot)................................77

4.1

Effect of water-to-bio-oil ratio on the yield of aqueous fraction. ......................95

4.2

Effect of water-to-bio-oil ratio on the yield of pyroligneous fraction. ...............96

4.3

Effect of water-to-bio-oil ratio on the density of aqueous fraction. ...................96

4.4

Effect of water-to-bio-oil ratio on the yield of levoglucosan. ............................97

4.5

Relationship between actual and predicted levoglucosan yield extracted
into the aqueous fraction as predicted by regression analysis. ...............99
vii

4.6

Estimated curvilinear relationship between levoglucosan yield and water
to bio-oil ratio. ......................................................................................100

5.1

Schematic of the pyrolysis reactor and injection device. .................................109

5.2

The mean response plot for bio-oil water content of all four treatments. ........119

5.3

The mean response plot for bio-oil levoglucosan concentration of all
four treatments......................................................................................120

viii

CHAPTER I
INTRODUCTION

Background
Production of liquid fuels is a high national priority to provide transportation
fuels. Renewable transportation fuels can significantly reduce our dependence on crude
oil. Production of liquid bio-fuels from biomass has been identified as a viable goal over
the next decades. Several biofuel routes to production of liquid fuels have been developed
over the years, mainly including gasification of biomass to syngas for conversion to
synthetic diesel fuel, pyrolysis of biomass to bio-oils, direct liquefaction, conversion of
plant oils to biodiesel, and release of sugars for fermentation to ethanol (Yang and
Wyman 2008).
Fast pyrolysis is the rapid thermal degradation of lignocellulosic biomass in the
absence of oxygen. The pyrolysis process results in the production of a liquid product
termed pyrolysis oil, or more frequently, bio-oil. Typical liquid bio-oil yield is 65 to
70%; byproducts are approximately 20% char and 15% noncondensable gases.
Levoglucosan is produced during the pyrolysis thermal breakdown of the cellulose
contained in biomass. Pure cellulose results in the production of more than 50% of
levoglucosan by feedstock weight while woody biomass typically produces about 3%
during pyrolysis. Researchers have shown that inhibitors contained in the non-cellulosic
1

component of lignocellulosic biomass reduce the production of levoglucosan explaining
this reduction.
For production of fermentable sugars from biomass, pretreatment operations are
essential to the process and these have a very important impact on costs and performance
of the entire system. Because there are various pretreatment technologies that have been
developed, the specific choice of pretreatment should be targeted for low-cost, low
environmental impact, and advanced pretreatment processes with high quality products.
Current cellulosic ethanol processes require extensive washing, treatment of chemical
waste, and specialized pressurized and corrosion resistant reactors. These costs and
problems with low yields and inclusion of microbial inhibitors have, to date, prevented
cellulosic ethanol commercialization.
An economic analysis of three lignocellulose-to-ethanol conversion technologies:
fast pyrolysis integrated with a fermentation step, simultaneous saccharification and
fermentation (SSF), dilute sulfuric acid hydrolysis and fermentation was conducted by So
and Brown (1999). The estimated production cost of ethanol was $1.57, $1.28, and $1.35
per gallon for fast paralysis, SSF, and acid hydrolysis, respectively. An ethanol
production yield of 95 gal/ton feedstock was estimated for the fast pyrolysis route. This
study concluded that fast pyrolysis integrated with a fermentation step is comparable with
the other two processes and suggested that it should be considered for further
development (So and Brown 1999).
Researchers have performed significant research into methods to increase yields
of levoglucosan and other associated anhydrosugars during pyrolysis. They have also
speculated on the basic chemical mechanisms that underlie the formation of levoglucosan
2

during pyrolysis. There has been some success in both increasing levoglucosan yields via
hydrolysis or demineralizing pretreatments applied to biomass feedstocks and some of
the speculations put forward appear to be partial explanations as to the true chemical
reactions that result in levoglucosan formation during fast pyrolysis. Most research has
focused on mild acid pretreatment of biomass feedstocks prior to pyrolysis. Such
treatment demineralizes and/or removes hemicellulose that appear to hinder the
production of levoglucosan during pyrolysis.
Objective Statement
Three studies were performed in this work. In the first study, two woody biomass
types (loblolly pinewood and sweetgum) and two herbaceous energy crops (switchgrass
and corn stover) were subjected to pyrolysis as feedstocks to produce bio-oils via fast
pyrolysis in a 7 kg/h feed rate auger reactor. A particle size identified in previous
research as optimum for maximizing bio-oil yield was utilized to provide particles for the
four study feedstocks. Feedstocks were pretreated with dilute phosphoric acid and biooils were produced and analyzed to compare the bio-oil characteristics from both
untreated and treated feedstocks. The chemical and elemental compositions of the
feedstocks were analyzed by various wet chemistry methods and elemental analysis. The
objective of this study was to investigate dilute acid pretreatment to demineralize biomass
and the effect of biomass chemical composition of four lignocellulosic biomass types on
the product yields (bio-oil, char and gas) and properties of bio-oils produced via fast
pyrolysis. The major goal of this study was to improve bio-oil yield and properties and
specifically increase levoglucosan yield during fast pyrolysis via dilute acid pretreatment.
3

In the second study, bio-oil composed of high levoglucosan concentration was
produced via fast pyrolysis of dilute acid pretreated loblolly pine wood in an auger
reactor. Water-to-bio-oil ratio, temperature, and time were selected as the three
parameters to investigate the optimal condition for extracting the maximum amount of
levoglucosan from the bio-oil. A response surface design (Box Behnken Design) was
utilized to determine the direct and interactive effects of the three parameters on the
extraction yield of levoglucosan from the bio-oil. The objective of this research was to
investigate the optimal conditions to extract the maximum amount of levoglucosan from
bio-oil, produced from fast pyrolysis of pretreated loblolly pine wood, into the aqueous
phase via water addition method.
In the third study, my objective was to move beyond simple acid pretreatment to
increase pyrolytic anhydrosugars production and to remove additional barriers to further
increasing yields. We have also observed in past research that anhydrosugars yields
appear to be higher when pyrolysis is performed by Py-GC/MS. Py-GC/MS depends on
thermal decomposition followed by immediate transfer of pyrolysis vapors being
analyzed by the GC/MS. No vapor condensation occurs during this process. The
difference between yields of anhydrosugars during Py-GC/MS and actual pyrolysis is that
during actual pyrolysis the anhydrosugar vapors have more opportunity to decompose
during condensation via secondary and tertiary reactions prior to measurement of the
anhydrosugars. I hypothesize that reactions occur during vapor cooling and condensation
that decompose levoglucosan and other anhydrosugars such that their presence in the
final condensed bio-oil is considerably reduced. For that reason a spray method was

4

applied in an attempt to slow or halt levoglucosan decomposition prior to the
condensation step.

5
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CHAPTER II
LITERATURE REVIEW

Fast pyrolysis of Lignocellulosic Biomass and Bio-oil Characteristics
Fast pyrolysis produces a liquid product known as pyrolysis oil or bio-oil. The
required pyrolysis conditions for fast pyrolysis are rapid application of a temperature of
400 to 650 oC and the absence of oxygen. This temperature range results in the
decomposition of the biomass cell structures into their molecular components. At these
moderate temperatures a fraction of biomass is converted to approximately 10 to 15%
syngas by pyrolysis but the majority is converted to pyrolysis oil (60 to 75%) or char
(15%). Bio-oil chemical properties vary with the feedstock type pyrolyzed but woody
biomass typically produces a mixture of 30% water, 30% phenolics, 20% aldehydes and
ketones, 15% alcohols and 10% miscellaneous compounds (Bridgwater et al. 1999).
Biomass is typically dried to the approximate 10% moisture content level needed for
pyrolysis. This moisture content level results in 20-30% water production in the bio-oil.
Biomass moisture contents above approximately 10% will produce bio-oils containing
prohibitively high water content values. Pyrolysis exit gas is composed of CO2, CO, CH4,
and small amounts of hydrogen and oxygen (Bridgwater et al. 1999).
Rapid decomposition of the biomass (<2s residence time) and rapid condensation
are required to produce maximum liquid yields. Heating rate is usually from 600 oC/sec
to 10,000 oC/sec. The rapidity of the thermal biomass decomposition can result in the
7

production of a condensate that is not at thermodynamic equilibrium at normal storage
temperatures (Diebold 2000). Bio-oil viscosity increases over time, as the chemical
compounds comprising the stored bio-oil interact chemically in various ways toward
thermodynamic equilibrium. Increased molecular weight resulting from these reactions is
the main causative agent in the viscosity increase over time (Scahill et al. 1997).
A major factor initiating the reactions toward increased bio-oil viscosity is the
reactivity of the numerous oxygenated compounds. Bio-oil is typically comprised of up
to 45% by weight of oxygen. In additional to variable viscosity over time, bio-oil has
other negative properties that have hindered conversion into bio-fuels, such as low pH
and low higher heating value (HHV). Bio-oil pH is low, ranging from about 2 to 3. Biooil HHV is considerably low compared to the petroleum fuels, less than one-half the
value of No. 2 fuel oil or 40% of the value of petroleum diesel.
The heat and mass transfer requirements for performance of fast pyrolysis are
strongly influenced by the nature of the lignocellulosic biomass and chars. At the particle
level, the thermal degradation process can be described as: (1) heat penetration within the
particle by conduction through the gas phase and the solid matrix and radiation; (2)
evaporation of water and partial recondensation in the colder parts of the particle not
accessed by the temperature front; (3) transport of water through the particle to the outer
surface by convection and/or diffusion; (4) thermal degradation of the cellulosic and
ligno-materials and production of vapors and chars; (5) transport of vapors to the outer
surface through the char layer by convection and diffusion; (6) cracking of vapors in the
char layer to other types of gases and char (Di Blasi 2002; Janse et al. 2000; Willner and
Brunner 2005). These mechanisms indicate that particle size should have a strong
8

influence on fast pyrolysis results. Biomass moisture content also has a large influence on
fast pyrolysis. The moisture level of the feedstock produces an increase in the
devolatilization time and also influences char and gas production, the higher heating
value and the water content of the final bio-oil (Demirbas 2008; Westerhof et al. 2007).
The influence of particle size and temperature on the pyrolysis of two agricultural
residues (olive and grape bagasse) was studied by Encinar et al. (1996). Treatments
applied were temperature across the range of 300-900 oC with 100 oC increments for a
total of 7 treatments and particle size treatments were across the range of 0.4-2 mm for
those two agricultural residues. It was found that the particle size did not show any
influence on the pyrolysis products under the conditions of this study while temperature
proved to be a very important parameter giving maximum liquid pyrolysis product yields
between 600 oC and 700 oC.
Sensoz et al. (2000) investigated the influence of particle size on the bio-oil fuel
properties produced by fast pyrolysis of rapeseed in a fixed-bed Heinze reactor. Pyrolysis
experiments were performed at 500 oC with a heating rate of 40 oC/min. The rapeseed
feedstock particle sizes were across the range of 0.224-1.8 mm. It was found that the
effects of feedstock particle size on the yields of bio-oil and char were insignificant under
the experimental conditions.
Bridgeman et al. (2007) investigated the influence of particle size on the chemical
composition of two energy crops (switchgrass and reed canary grass) and their thermal
analytical properties. Two different size fractions (<90 µm and 90-600 µm) were
investigated. The chemical composition of the two feedstocks of both sizes was analyzed.
Thermogravimetric analysis (TGA) and pyrolysis gas chromatography mass spectrometry
9

(Py-GC/MS) analytical techniques were applied to study the thermal conversion
characteristics of the two feedstocks of both sizes. Significantly higher contents of
inorganics and moisture were detected in the two energy crops with the smaller particle
(<90 µm) while higher carbon content and cellulose content and lower nitrogen content
were found for the larger size fraction (90-600 µm). The TGA and Py-GC/MS results
showed that the yields of decomposition products from cellulose and lignin were higher
for the larger particle size fraction. It was concluded that the pyrolysis reactions occurred
at lower temperature for the smaller size fractions and that higher yields of catalytic
pyrolysis decomposition products (volatile gaseous products) were formed for the smaller
size fractions. This result was hypothesized to occur because inorganic matter gathered
during harvest was disproportionately screened to smaller particle fractions.
Shen et al. (2009) investigated the influence of particle size on bio-oil yield and
composition produced from fast pyrolysis of mallee wood at 500 oC in a fluidized-bed
reactor. The particle size treatments were in the range of 0.18-5.6 mm. It was found that
as the biomass particle size increased from 0.3 to 1.5 mm, the bio-oil yield decreased due
to the decrease in the yield of heavy bio-oil fractions. Yield was constant for particle
sizes larger than 1.5 mm. However, the light components (as related to volatility) versus
heavy components of the bio-oils changed with particle size. Increased proportions of
light organic components were found in the bio-oils produced from large particle sizes.
This was attributed to a reduced heat transfer rate across the larger particle sizes, thereby
reducing the pyrolysis heating rate. The heavier components could not be vaporized as
effectively from the larger particles with reduced heating rates. By contrast, the more
volatile light components of the larger particles could be pyrolyzed to vapor and this
10

component of the bio-oils increased proportionately. It was also reported that biomass
particle size and pyrolysis temperature did not greatly affect the water content of bio-oils
produced at low temperatures (less than 500 oC). It was concluded that grinding biomass
into different particle sizes could cause changes in biomass cell structure, which could
affect the resultant bio-oil yield and composition.
Westerhof et al. (2012) investigated the influence of particle geometry and
microstructure on fast pyrolysis of beech wood in a fluidized bed at 500 oC. Milled wood
particles within the range of 0.08-2.4 mm, natural wood cylinder with a diameter of 2-14
mm and length of 10-50 mm, and wood pellets (0.5-14 mm) made from milled beech
wood particles (0.08-0.14 mm) were studied at three different biomass particle
geometries and microstructures. The results showed that the pyrolysis product yields
were primarily determined by the outer biomass diameter and the resultant heating rate
for the large cylinders (6-14 mm), while the microstructures inside of the biomass were
of less importance in determining the product yields. For the small milled wood
particles, the smallest particles (less than 0.140 mm) gave the highest bio-oil yield and
lowest char yield because of their greater mass transfer rate during fast pyrolysis.
Pyrolysis yield and product distribution differences have been noted between
experiments conducted with synthetic samples containing cellulose, hemicellulose, and
lignin when compared with natural biomass with varying compositions of these
components (Yang et al. 2006). At least some of this variance is attributable to the
minerals found in natural biomass, which may act as catalysts and influence the overall
mix of products (Bradbury et al. 1979; Fahmi et al. 2008; Raveendran et al. 1995).
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Extraneous inorganic materials may also be present due to contamination from soil and
other materials during the collection, handling, and storage of the feedstock.
Studies have reported that the ratios of liquids, gases and chars yielded during
pyrolysis vary with higher levels of inorganic species contained in the feedstock. In
general, the levels of char and gas increase and the liquid yield decreases. In the liquid
component inorganics tend to increase the yield of glycolaldehyde and hydroxyacetone
and decrease the anhydrosugars (Richards and Zheng 1991). Recognizing the sensitivity
of the process to the presence of inorganics, researchers also determined that
pretreatments, such as acid washing, could impact the pyrolysis product distribution by
altering the feedstock material structure and composition (Dobele et al. 2003; Piskorz et
al. 1989; Wang et al. 2006).
Raveendran et al. (1995) studied the influence of mineral matter on the pyrolysis
characteristics of wood and twelve other types of biomass including agricultural
feedstocks and other plant biomass in a packed bed pyrolyser with 10-25 g of sample
size. A two-stage demineralization process was used in the study with the first stage of
10% HCl at 60 oC for 48 h and the second stage of 5% NaOH for 1 h at 90 oC. It was
found that the bio-oil yield increased while the gas yield decreased upon demineralization
for all the biomass studied. The initial decomposition temperature during fast pyrolysis
and the pyrolysis rate were also increased via demineralization. Researchers hypothesized
that the results could best be understood by considering that the active particle surface
area increased after demineralization. An increase in char yield upon demineralization
was observed for three of the biomass types (coir pith, groundnut shell, and rice husk)
due to their high content of lignin, potassium, and zinc. A correlation model was
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developed in this study to predict the effect of ash content on the volatile products yield.
It was concluded that the ash content along with other organic chemical composition of
biomass play an important role in determining pyrolysis characteristics and product
distribution. However, this study only focused on the effect of mineral matter on biomass
pyrolysis characteristics in terms of liquid, gas, and char yield distribution, without
giving a full investigation on the liquid bio-oil characterization.
Agblevor et al. (1996) studied the effect of inorganic compounds in biomass
feedstocks on the quality of fast pyrolysis oils. It was found that the inorganic compounds
(Especially K and Ca) catalytically decomposed the biomass and activated char-forming
reactions during fast pyrolysis. It was also revealed that most of the inorganics were
trapped in the chars instead of leaching into the bio-oils through the suspended chars left
in the liquid bio-oils.
Scott et al. (2001) performed a preliminary study on the rate of cation removal in
poplar wood by ion exchange using a very dilute acid treatment. It was found that the
majority of the alkaline cations were removed from poplar wood via an ion exchange
process using 0.1 wt % nitric acid solution. The yield of levoglucosan during fast
pyrolysis increased from 3 wt % for untreated poplar to 17.1 wt % for deionized poplar.
Das et al. (2004) investigated the influence of pretreatment via deashing on
pyrolysis yields and products of sugarcane bagasse. Three different deashing processes
were performed in this study by pretreatments of water leaching, application of 5 M HCl
solution, and application of 3% HF solution. Significant changes in yields of bio-oil, gas,
and char were reported because of the removal of extractives and hemicellulose in
addition to inorganics due to high concentration of the acid pretreatments.
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Garcia Perez et al. (2007) compared the product yields and bio-oil properties
between softwood and hardwood biomass via vacuum pyrolysis. It was found that the
product yields and bio-oil properties via vacuum pyrolysis could be affected and partially
explained by the original chemical composition of the feedstocks used for pyrolysis. This
study showed that softwood bark contained high amounts of extractives and lignin while
hardwood was very rich in carbohydrates (cellulose and hemicellulose). It was concluded
that hardwood was considered to be a better feedstock for producing liquid bio-oils.
Fahmi et al. (2008) studied the effect of lignin and inorganic species on bio-oil
yields, quality and stability produced by fast pyrolysis in a 150 g/h pyrolysis reactor.
Seven different feedstocks and their resultant bio-oils were analyzed to investigate the
effect of lignin and inorganic species on bio-oil yield, quality and stability. It was found
that lignin content and ash content had dominant effects on the yields of bio-oil, gas, and
char. Increase in ash content resulted in the increase of the yield of light bio-oil fraction
while higher lignin content led to higher yield of heavy bio-oil fraction. It was concluded
that the bio-oil quality and stability could be improved by removing inorganic matter
from the biomass through washing with de-ionized water, especially for biomass of high
ash content.
A study of biomass pyrolysis based on its three major components (cellulose,
hemicellulose, and lignin) was conducted by Qu et al. (2011). Fast pyrolysis of each of
the individual components was performed in a tube furnace in the temperature range of
350-650 oC. The effect of temperature on pyrolysis products distribution in terms of
yields of bio-oil, noncondensable gas, and char was also investigated. It was found that
the maximum liquid product yields during fast pyrolysis for a model compound
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composed of cellulose, xylan (representing hemicellulose), and lignin were 65, 53, and
40%, with the corresponding pyrolysis temperatures at 400, 450, and 500 oC,
respectively. Based on the investigation of fast pyrolysis of the model compounds,
pyrolysis of three biomass feedstocks (rice straw, corn stalk, and peanut vine) was also
studied in order to develop a relationship between the chemical composition of biomass
and the product yields during fast pyrolysis. An additional law was proposed to estimate
biomass pyrolysis yields (bio-oil, gas, and char) based on the chemical composition of
cellulose, hemicellulose, and lignin.
Biomass, as a renewable feedstock which contains above 40% carbon, is a
suitable renewable source that can be used for conversion into hydrocarbon transportation
fuels (Lynd et al. 1991). Fast pyrolysis is a quite efficient and cost-effective way in
converting biomass to liquid fuel because it requires low capital investment and is easy to
scale up to commercial plants (Bridgwater 1994). However, the liquid bio-oil produced
from fast pyrolysis of lignocellulosic biomass contains extremely high oxygen content
(~35% - 45%), resulting in low energy density with only half that of petroleum. Besides
low energy density, bio-oils have many other unfavorable properties, such as high
acidity, high viscosity, incompatibility with petroleum products, and instability due to
polymerization upon aging. Even though fast pyrolysis bio-oils have potential as a fuel
for power production using boilers or turbines, they need significant conversion to
become diesel or gasoline fuels.
Hodgson et al. (2011) investigated the influence of genotypic variation and
harvest time on Miscanthus chemical composition and characteristics of the products via
pyrolysis. Different species and genotypes of Miscanthus were analyzed via wet
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chemical, thermo-gravimetric (TGA) and Py-GC/MS methods to identify how the
genotypic differences in chemical composition may influence the characteristics of the
pyrolysis products. It was found that significant differences in chemical composition
were observed between Miscanthus species and genotypes. A clear relationship between
the biomass chemical composition and the composition of the volatile pyrolysis products
was also identified. The findings from this study indicated that feedstocks with a low
holocellulose to lignin ratio were suitable for producing bio-oils with good combustion
properties while feedstocks with a high holocellulose to lignin ratio were favorable for
fast pyrolysis to produce bio-oils for biological application by fermentation into alcohols.
It was concluded that genotypic breeding could be a good pathway to produce new
Miscanthus species which would be applied for specific conversion technologies for
specific application and end uses.
Shi et al. (2012) studied the pyrolysis behavior of raw rice straw (RS), waterwashed rice straw (WRS) and acid-washed rice straw (ARS) in a fixed-bed reactor. It was
reported that 5% HCl washing removed almost all AAEMs from rice straw but barely
decomposed cellulose, hemicellulose, and lignin. It was found that pyrolysis products
distribution and decomposition characteristics of the chemical constituents were greatly
influenced by the content of AAEMs. It was shown that ARS yielded 1.5-2.0% more
liquid bio-oil than RS when pyrolyzed at temperatures ranging between 300-700 oC and
that the AAEMs in the raw rice straw accelerated the decomposition of the feedstock to
form more gaseous products in the temperature range of 300-450 oC. In this study, the
properties of the liquid bio-oils were not studied due to the limited capacity of the fixed-
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bed reactor with only 2.2 g of biomass sample fed into the reactor. Therefore, not enough
bio-oils were produced for characterization of the properties.
Pasangulapati et al. (2012) studied the effects of biomass major composition
(cellulose, hemicellulose, and lignin) on the thermochemical conversion characteristics of
four biomass feedstocks, including switchgrass, wheat straw, eastern red cedar and dry
distilled grains with solubles (DDGS). The weight loss profiles, weight loss kinetic
parameters, and gas evolution profiles of these feedstocks during thermochemical
decomposition were studied by using a thermogravimetric analyzer (TGA). Online
gaseous products were analyzed by Fourier Transform Infrared Spectrometry (FTIR) and
Mass Spectrophotometer (MS). It was found that the chemical composition of these
feedstocks were considerably different. However, no significant difference in weight loss
profiles and gas evolution profiles was observed among switchgrass, wheat straw and
eastern red cedar. The weight loss kinetic parameters were also found to be similar
among these feedstocks except for the activation energy of eastern red cedar. It was
reported that higher concentrations of CO and CO2 were produced with switchgrass and
wheat straw because of their higher cellulose and hemicellulose contents than eastern red
cedar. In contrast, higher lignin content in eastern red cedar led to significantly higher
concentration of CH4 during thermochemical decomposition.
Levoglucosan Production from Lignocellulosic Biomass via the Pyrolytic Route
When cellulose is heated to over 300 °C, it undergoes various pyrolytic processes
to produce, as a major component in the resultant bio-oil, an anhydrosugar known as
levoglucosan (1,6-anhydro-β-D-glucopyranose) (Scott et al. 1995). Levoglucosan is a
dehydrated glucose containing a ketal functional group. Cellubiosan, in addition to
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levoglucosan, and other various anhydrosugars are produced in lesser but in additively
significant quantities.
Shafizadeh (1980) analyzed the production of levoglucosan from various
cellulose types and cottonwood wood fiber. His results were given as percentage yields of
each tested feedstock. At a 400-450 oC temperature range the levoglucosan plus
anhydrosugars yield from four pure commercial wood-based cellulose types was 42 to
56%. Yields of levoglucosan from wood, as opposed to pure cellulose, are known to be
much lower. This is demonstrated in the Shafizadeh’s yields of levoglucosan plus
anhydrosugars of 3% for untreated cottonwood fiber and 9% for H2SO4 acid treated
cottonwood fiber. Complete removal of hemicellulose to produce a pure lignocellulose
resulted in 37% yield of levoglucosan plus anhydrosugars.
Shafizadeh’s (1980) results indicate that both wood lignin and hemicellulose
content may potentially interfere with levoglucosan and anhydrosugars yield during
pyrolysis. Pyrolysis of untreated pure holocellulose (lignin removed) gave only a 1%
yield of levoglucosan and anhydrosugars. This indicated that hemicellulose content alone
appears to strongly suppress levoglucosan plus anhydrosugar yield. When the
holocellulose was treated with 1% NaOH and 1% H2SO4 the yield of levoglucosan plus
anhydrosugar increased to 32%. Again, the removal of hemicellulose, which presumably
occurred due to the base and acid treatments, produced a large increase in levoglucosan
and anhydrosugar yield. These results indicate that presence of hemicellulose rather than
lignin in wood interacts to inhibit levoglucosan and anhydrosugars yields during
pyrolysis.
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Shafizadeh (1980) also showed that a substantial yield of glucose was possible
from the levoglucosan plus anhydrosugars produced from wood treated to remove lignin
and/or hemicellulose. A glucose yield of 49% was obtained from hydrolysis of
levoglucosan plus anhydrosugars products obtained from Whatman CF 11, Lot A
cellulose. In addition, a glucose yield of 46% was obtained from the hydrolysis (that
presumably had all hemicellulose content removed) of the 37% levoglucosan plus
anhydrosugars yield from pyrolyzed cottonwood. These results indicate that obtaining
considerable yield of glucose is possible from the pyrolysis product of wood pretreated to
remove hemicellulose.
A study on the mechanism of the rapid pyrolysis of biomass and cellulose in a
fluidized bed reactor was performed by Piskorz et al. (1986). It was proposed that at
temperatures over about 450 oC, and at vapor residence times of one second or less, the
monomer unit of cellulose decomposed preferentially to a two-carbon and a four-carbon
fragment and the two-carbon fragment rearranged to form hydroxyacetaldehyde. It was
also indicated that the cellulose decomposition in wood followed the same path as that of
pure cellulose during fast pyrolysis.
Radlein et al. (1987) pretreated wood and cellulose prior to fast pyrolysis. The
wood or cellulose was pre-hydrolyzed in a batch reactor at 90 oC using sulfuric acid
concentrations of 1%, 3% and 5% with reaction times of 6 or 19 hours and liquid to solid
weight ratios of 4:1 or 12:1. HPLC analyzed the composition of the acid hydrolysate and
of the water extract of the pyrolysis oils. It was found that, after a mild hydrolysis,
levoglucosan yield of the pretreated cellulose was sharply increased from 27.0% to
38.4% of the feed weight when pyrolyzed at 500 oC. A large increase in cellobiosan yield
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(by 15.2%) was also observed for both the pretreated cellulose and the pretreated wood. It
was estimated that the change in product distribution was due to the removal of inorganic
cations during the acid treating process but this was not considered to be the only effect.
It was also hypothesized that the morphology and degree of hydrogen bonding in the
cellulose might also affect the composition of the pyrolytic liquids.
Scott et al. (1989) established a process for the production of fermentable sugars
from cellulosic biomasses comprising the step of pretreatment with a dilute sulfuric acid
to dissolve hemicellulose and subsequent rapid pyrolysis at a temperature of 400 oC to
600 oC at atmospheric pressure with a short vapor residence time.
Piskorz et al. (1989) studied fluidized bed fast pyrolysis of poplar wood and a
number of types of cellulose produced by different processes. Piskorz computed yields
based on feedstock weight as the base. Both untreated and treated cellulose and poplar
wood specimens were pyrolyzed at 500 oC with vapor residence time of 0.46 s. Biomass
was pretreated with mild acid at 5% of H2SO4 at 90 oC for 5.5 hours. Levoglucosan and
anhydrosugars were quantified in the resultant bio-oil. Highest yielding cellulose was
Avicel which, when untreated, produced 26.9% levoglucosan with anhydrosugars yields
at 10.1% cellobiosan, 6.5% glyoxal, and zero 1,6-anhydroglucofurnanose (1,6-AGF)
providing a total levoglucosan plus anhydrosugars yield of 43.5%. Treated Avicel
produced 38.41 levoglucosan and 5.6, 2.1 and 7.0% of the anhydrosugars cellobiosan,
glyoxal and 1, 6-AGF, respectively. Therefore, total levoglucosan and anhydrosugars
yield from treated Avicel was 53.1%.
The yield of levoglucosan from pyrolyzed untreated poplar wood was 3.0%; the
anhydrosugars yields were 1.3% of cellobiosan, 2.43% of 1, 6-AGF, and 2.18% of
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glyoxal. Therefore, total levoglucosan and anhydrosugars yield was 8.95% for untreated
poplar wood. For treated poplar wood the levoglucosan yield was 30.42% with yields of
5.68, 0.11 and, 4.50, respectively, for the remaining anhydrosugars giving a total
anhydrosugars yield of 40.61%.
The described results indicate, as noted by Shafizadeh (1980), that hemicellulose
presence has a strong suppressing influence on production of levoglucosan and associated
anhydrosugars. This is substantiated by the yield of 43.5% of these compounds for
untreated cellulose, a somewhat higher 53.1% yield for cellulose with mild acid
treatment. In addition untreated poplar wood, which would contain all of its initial
hemicellulose, produced total levoglucosan plus anhydrosugars yield of only 8.95%. Mild
acid treated poplar wood, which would presumably have all or a proportion of
hemicellulose or contained inorganics decomposed, produced a total yield of
anhydrosugars of 40.61%.
Piskorz et al. (1989) tested milder application of sulfuric acid treatment and
relatively mild application of two mild acid HCl treatments with one of the mild HCl
treatments followed by an additional H2SO4 treatment. Anhydrosugars yields were
measured only in terms of levoglucosan yields. The results of these treatments indicated
that levoglucosan yields from HCl treatments were relatively low with the lowest yield
for the mildest HCl treatment. The highest yields of levoglucosan were 27.7% and 30.1%
for the H2SO4 treatment alone and the H2SO4 treatment following HCl treatment,
respectively. The treatment described above for 5% H2SO4 at 90 oC for 5.5 hours
provided a levoglucosan yield of 30.42% while the second H2SO4 treatment was at 5%
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concentration for 2h treatment at 100 oC. It is not surprising that the yield for these
treatments of nearly equal severity also has nearly identical yields of levoglucosan.
Various pretreatment processes were investigated by Brown et al. (2001) to
increase the pyrolytic yield of levoglucosan from herbaceous biomass. They further
tested the hypothesis that alkali and alkaline earth metals contained in biomass serves as
catalysts to degrade lignocellulose to char during fast pyrolysis, thereby reducing
anhydrosugars yields. Three biomass pretreatment processes were evaluated in the study:
acid hydrolysis, washing in dilute nitric acid, and washing in dilute nitric acid with the
addition of (NH4)2SO4 as a pyrolytic catalyst. It was found that demineralization by using
dilute nitric acid removed cations from biomass and the acid hydrolysis pretreatment
yielded the highest percentages of anhydrosugars.
Scott et al. (2001) performed a preliminary study of the rates of removal of the
native alkaline cations in a poplar wood by an ion exchange process by pretreatment with
dilute acid. It was found that the exchange process was effective and potassium was more
easily removed than calcium. It was also shown that a major amount of the alkaline
cations from wood were removed by hot water washing alone. It was suggested that the
deionized wood produced by this process could be used as the feed for a fast pyrolysis
process for thermal conversion of cellulose and hemicellulose to anhydrosugars in good
yields.
Dobele et al. (2008) studied the effect of phosphoric acid pretreatment on the
yield of levoglucosenone from pyrolysis of cellulosic materials. Five types of cellulose,
with differing polymerization degree and crystallinity index were pyrolyzed. It was
established that the yield of levoglucosenone was affected, not only by the properties of
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cellulosic raw material, but also by conditions of thermal pretreatment. It was reported
that the highest yield of levoglucosenone (29% based on cellulose) was obtained by
pyrolysis of microcrystalline Munktell cellulose pretreated with 3.5% of phosphoric acid
at 100 oC.
Pyrolysis combined with gas chromatography (Py-GC/MS) was applied by
Dobele et al. (2001) to study the composition of volatile products from pyrolysis of
several different commercial celluloses pretreated with varying concentrations of
phosphoric acid in various concentrations. The variations in the composition of the two
main volatile products, levoglucosan and levoglucosenone, were investigated, including
their dependence on the crystallinity, degree of polymerization of cellulose and
conditions of pretreatment with phosphoric acid e.g. pretreatment temperature. A narrow
range of 75-78% of the amount of both 1, 6-anhydrosaccharides regardless of the
pretreatment conditions of the celluloses were observed by pyrolysis of the pretreated
celluloses.
Dobele et al. (2003) studied pretreatment of biomass with phosphoric acid prior to
fast pyrolysis. The influence of pretreatment parameters, including concentration of
phosphoric acid, its uptake by biomass, and drying temperature, upon the pyrolysis
process of various cellulosic materials was determined. Based on the most effective
pretreatment tested, the highest amount of levoglucosan obtained from birch wood was
15% after impregnation with 0.5% phosphoric acid at 100 oC for 1 h. The highest yield of
levoglucosenone obtained from birch wood was 17% after treatment with 2.5%
phosphoric acid at 100 oC for 1 h.
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Dobele et al. (2005) studied the effect of phosphoric acid and Fe3+ ions on the
levoglucosan and levoglucosenone content in volatile products obtained from cellulosic
materials by Py-GC/MS. It was found that the ratio of levoglucosan/ levoglucosenone
was affected by the concentration of the phosphoric acid and higher concentration led to
the decrease of the levoglucosan/ levoglucosenone ration. Iron was introduced into the
biomass by soaking in Fe2(SO4)3 solution alone or in the presence of ammonium. A
previous decationization of wood was demonstrated to be important for the subsequent
results of Fe3+ ion treatment. It was reported that 44.8% levoglucosan was obtained from
pyrolysis of cellulose pretreated by the ion-exchange method and 27.3% levoglucosan
was obtained from pyrolysis of wood pretreated by the ion-exchange method.
Pyrolysis of cellulose was studied by Kwon et al. (2006) for practical production
of levoglucosan. Two methods were examined to minimize secondary degradation of
levoglucosan: conductive heating by glass bottle and radiation heating from the surface
by CO2 laser beam, both under vacuum and in a nitrogen atmosphere. It was reported that
glass-bottle pyrolysis under vacuum gave the highest levoglucosan yield of 50-55% in the
optimum temperature range of 350 oC to 410 oC.
Johnson et al. (2009) investigated the possibility of improving the pyrolysis
selectivity of cellulose toward the formation of anhydrosugars and furanics by hot water
pretreatment. Wheat straw and α-cellulose were used as feedstocks treated by hot water at
150-260 oC. Pyrolysis experiments were performed via Py-GC/MS. The results showed
that the hemicellulose and amorphous cellulose started to be solubilized as the
temperature increased during hot water pretreatment. It was found that the relative area of
the levoglucosan peak in the Py-GC/MS results increased as the pretreatment temperature
24

increased. It was concluded that the production of anhydrosugars and furanics via fast
pyrolysis could be enhanced by hot water pretreatment at temperatures between 220 and
260 oC.
Yang et al. (2006) investigated the roles of the three main components (cellulose,
hemicellulose, and lignin) during pyrolysis by thermogravimetric analysis (TGA). The
pyrolysis characteristics of the three components were studied by dividing the pyrolysis
process into four ranges according to the temperatures specified by each individual
component. The pyrolysis of the synthesized samples containing two or three of the
biomass main components indicated negligible interaction among the three components.
By using statistical methods, two sets of multiple linear-regression equations were
established for predicting the composition of biomass and the weight loss of biomass
during pyrolysis in TGA respectively. Yang et al. (2007) also applied TGA to determine
that the pyrolysis of hemicellulose and cellulose occurred first, with the weight loss of
hemicellulose occurring mainly between 220 oC and 315 oC and that of cellulose at 315
o

C to 400 oC. Lignin was found to be more difficult to decompose, with the weight loss

occurring in a wide temperature range (from 160 oC to 900 oC) and generating high solid
residue.
The production of fermentable sugars from olive tree biomass was studied by
Cara et al. (2008) by application of dilute acid pretreatment and further saccharification
of the pretreated solid residues. Pretreatment was performed at sulfuric acid
concentrations of 0.2%, 0.6%, 1.0%, and 1.4% (w/w) with temperature in the range of
170 oC -210 oC. An overall sugar yield was calculated including sugars generated by
pretreatment and the glucose released by enzymatic hydrolysis. The highest sugar yield
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(36.3 g sugar/ 100 g raw material) was obtained when pretreating olive tree biomass at
180 oC with 1% sulphuric acid concentration. This yield represented 75% of all sugars
present in the initial biomass.
Kim et al. (2008) soaked barley hull with aqueous ammonia (SAA). It was found
that pretreatment with 15 wt % ammonia for 24-72 h at 75 oC removed 50-66% of the
original lignin from the solids while 65-76% of the xylan was retained with no glucan
loss. The SEM images of the pretreated biomass indicated that SAA treatment increased
surface area and the pore size of the biomass and these physical changes were proved to
help to enhance the subsequent enzymatic digestibility in the SAA treated barley hull.
Bennett et al. (2009) examined the potential to produce levoglucosan from bio-oil
without biomass demineralization or hydrolysis to remove hemicellulose. Rather, the
water to raw bio-oil ratio was varied to determine an optimum level for the water
fractionation method. For the optimum water addition treatment of 41 wt %, the yield of
levoglucosan was 7.8% of total raw bio-oil weight. This aqueous fraction was then
hydrolyzed to glucose at various acid concentrations, hydrolysis temperatures and
reaction times. The maximum glucose yield was obtained for a reaction time of 44 min at
124 oC hydrolyzed with 0.5 M sulfuric acid. Based on the original levoglucosan weight
the yield of glucose was 216% for the applications of this hydrolysis regime. Measured in
g/L of glucose produced these researchers obtained 16 g/L.
Acid-catalyzed pyrolysis of corncobs was investigated for the bioproducts
distribution. Biomass particles were preimpregnated with H2SO4 at concentrations up to
4% and then dried and pyrolyzed in a packed-bed reactor. Dehydrating and charring
reactions were found to be more favorable than the formation of condensable organic
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compounds. H2SO4 concentrations below 0.5% gave the maximum yields of
levoglucosan, 5-hydroxymethylfurfural, and 1, 6-anhydro-β-D-glucofuranose. Higher
acid catalyst concentrations led to a rapid decrease in all the organic compound yields,
giving a total yield of char, carbon dioxide, and water as high as 70% (Branca et al.
2011).
Patwardhan et al. (2010) investigated the influence of inorganic salts on the
pyrolysis mechanism of cellulose by mixing pure cellulose with various inorganic salts
(NaCl, KCl, MgCl2, CaCl2, Ca(OH)2, Ca(NO3)2, CaCO3 and CaHPO4) and switchgrass
ash. Pyrolysis experiments were performed using Py-GC/MS. The effects of these
inorganic salts on the formation of formic acid, furan ring derivatives, and levoglucosan
were studied. The effect of pyrolysis temperature (350-600 oC) on the pyrolysis products
distribution of pure and mineral-doped cellulose was also reported. It was found that
pyrolysis reactions were activated by inorganic salts and high temperatures (> 500 oC),
causing the formation of volatile products with low molecular weight at the expense of
levoglucosan production. When pyrolyzed at 600 oC, pure cellulose produced 48 wt % of
levoglucosan and 28 wt % of formic acid as two major products. In the presence of
inorganic elements, glycolaldehyde was found to be another major product of cellulose
pyrolysis in addition to levoglucosan and formic acid. The following sequence was
reported relative to the importance of each mineral type in the decrease of levoglucosan
yield during fast pyrolysis of cellulose: K+>Na+>Ca2+>Mg2+.
Mourant et al. (2011) investigated the effects of alkali and alkaline earth metals
(AAEM) on the yield and composition of bio-oil produced from fast pyrolysis of mallee
wood at 500 oC in a fluidized-bed pyrolyser. Mallee wood was washed with deionised
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water and a dilute acid solution (0.1 wt % nitric acid) to remove the AAEMs from the
feedstock. It was found that the yields of bio-oil and char were not significantly
influenced by removal of AAEMs but the bio-oil properties were greatly affected by
removal of AAEMs, with increased viscosity and reduced water content. The results also
showed that the water-insoluble but acid-soluble AAEMs, especially Ca, played a more
important role in influencing the bio-oil properties than the water-soluble AAEMs (K,
Na, and Mg). It was indicated that the acid-soluble AAEMs were more closely involved
in the pyrolysis reactions due to their closer linkage with organic matter in biomass. A
significant increase in levoglucosan (5% to 9%) and lignin-derived oligomers during fast
pyrolysis were observed with the removal of AAEMs from mallee wood.
Biomass Fast Pyrolysis Mechanism and Kinetics
Cellulose is the most extensively used natural polymer. A large number of studies
have been published on its thermal decomposition and the application of the thermal
decomposition products. They were shown to be non-reducing and to contain a variety of
linkages and ring sizes (Lomax et al. 1991). Fast pyrolysis of cellulose using a fluidized
bed produced much larger amounts of oligomers, particularly the disaccharide, which, in
contrast to the products of slow pyrolysis, consisted mainly of single isomers retaining
the configuration of the glycosidic bond (Radlein et al. 1987). This suggests that the
oligomers are primary pyrolysis products and not the result of resynthesis from
levoglucosan as was proposed by Shafizadeh (Lomax et al. 1991).
Lomax et al. (1991) investigated ethylated derivatives of material from Curiepoint pyrolysis of cellulose by using capillary gas chromatography and mass
spectrometry in an attempt to identify the major ring cleavage fragments and to determine
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their structure. The main complete sugar peaks were identified as levoglucosan and
cellobiosan. The identity of the main oligosaccharide ion series produced from in-source
pyrolysis of cellulose was confirmed. It was found that the linkage structure of the
original polymer was retained and the oligosaccharides terminated in a 1, 6anhydropyranose unit. The main additional ion series found from in-source pyrolysis was
shown to be a ring cleavage fragment produced by reverse aldolisation of a sugar unit,
consisting of sugar units with an acetaldehyde fragment on the reducing terminus.
A decrease in the degree of polymerization with negligible production of volatiles
occurs at moderate temperatures (below 250 oC), whereas extensive degradation of
cellulose takes place at higher temperatures, with evolution of various gases and highboiling products (Soares et al. 1995). Two competitive pathways were proposed by
Radlein et al. (1991) and Bradbury et al. (1979), for the process, as shown in Figure 2.1.

Figure 2.1

Two competitive pathways of degradation of cellulose (Radlein et al.
1991).

If the dehydration of cellulose prevails, evolution of CO2, H2O and CO with
formation of solid char is mainly observed. If depolymerisation prevails, rather than
dehydration, the tar volatilization produced mostly levoglucosan. The tar with high
boiling point might further decompose, with the production of light flammable gases. The
pathway of thermal decomposition and the composition of the products are influenced by
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many physical and chemical factors such as temperature, type of atmosphere, size and
texture of the cellulose sample, crystallinity, presence of impurities such as metals, and
many other parameters (Soares et al. 1995).
Soares et al. (1995) studied the thermal decomposition of pure cellulose and of
pulp kraft paper by thermogravimetry, differential scanning calorimetry, thermal
volatilization analysis and characterization of the degradation products. By comparing the
characteristics of thermal degradation of pure cellulose and pulp paper, it was found that
depolymerisation of the pure cellulose with production of levoglucosan took place at high
heating rates and that autocatalytic dehydration of the cellulose with char production
predominated at low heating rates. Pure cellulose turned out to produce more
levoglucosan than kraft paper on thermal decomposition and a large amount of volatile
carbonylic compounds were produced on thermal decomposition of the kraft paper.
Although over many years much investigation has been performed to identify the
chemical mechanisms underlying cellulosic pyrolytic decomposition these mechanisms
remain incompletely understood. It is necessary to understand all the factors which
promote product specificity and maximize yields. These factors include those physical
variables which define the reaction conditions as well as the influences of pre-treatment
on the chemical state of the substrate.
An explanation for the formation of a lower molecular weight product
(hydroxyacetaldehyde) from pyrolysis of cellulosic biomass was proposed by Byrne et al.
(1966) and Shafizadeh and Lai (1972), as shown in Figure 2.2. However, Richards and
Zheng (1991) reported a different explanation for the formation of hydroxyacetaldehyde
that it formed directly from cellulose by a plausible mechanism, as shown in Figure 2.3.
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Figure 2.3

Hydroxyacetaldehyde fromation (Richards 1987).

The kinetics of the subsequent chemical reactions involving the products of the
initial solid biomass pyrolysis was studied by Shin et al. (2001). Three primary cellulosederived pyrolysis products (5-hydroxymethyl furfural, levoglucosan, and
hydroxyacetaldehyde) were the feedstocks and kinetic studies of gas-phase pyrolysis
were performed. Kinetic models were developed and reaction rates and Arrhenius
parameters were presented based on the models.
Hosoya et al. (2007) studied cellulose-hemicellulose and cellulose-lignin
interactions during wood pyrolysis at gasification temperature. Various cellulose samples
mixed with hemicellulose or milled wood lignin were investigated by analyzing the
pyrolysis products at gasification temperature (800oC). Significant interactions were
observed in cellulose-lignin pyrolysis. It was found that lignin inhibited the thermal
polymerization of levoglucosan formed from cellulose and enhanced the formation of the
low molecular weight products from cellulose with reduced yield of the char fraction. It
was also found that cellulose reduced the secondary char formation from lignin and
enhanced the formation of some lignin-derived products. Relatively weak interactions
were observed in cellulose-hemicellulose pyrolysis.
Takahashi et al. (2009) studied the kinetics of the formation of levoglucosan from
glucose in high temperature water. The yields of levoglucosan were tested at the
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temperature from 200 to 410oC and the pressure from 5 to 25 MPa. It was found that the
temperature dependence of the glucose decomposition reaction rate was of the Arrhenius
type and the yields of levoglucosan increased with the decreasing pressure. The
maximum yield was 32 mol. %, obtained at 320oC and 7 MPa.
Choi et al. (2011) studied the influence of silica on formation of levoglucosan
from carbohydrates by fast pyrolysis. Glucose, maltose, maltotriose, cellulose, and starch
were pyrolyzed with and without silica and TMAH. It was found that levoglucosan was
not formed with the presence of TMAH. Relative abundances of levoglucosan decreased
when silica was added to the carbohydrates. Levoglucosan yields increased as the
molecular size of the carbohydrate increased from glucose to cellulose and starch. It was
also found that formation of levoglucosan by rearrangement including the ether linkage
was more favorable than that by dehydration between 1-OH and 6-OH. The yield of
levoglucosan produced from cellulose was much higher than that produced from starch.
Levoglucosan Extraction and Hydrolysis
An economic analysis of three lignocellulose-to-ethanol conversion technologies:
fast pyrolysis integrated with a fermentation step, simultaneous saccharification and
fermentation (SSF), dilute sulfuric acid hydrolysis and fermentation was conducted in
1999 (So and Brown 1999). The estimated production cost of ethanol was $1.57, $1.28,
and $1.35 per gallon for fast pyrolysis, SSF, and acid hydrolysis, respectively. An ethanol
production yield of 360 liters per ton feedstock (DM) was estimated for the fast pyrolysis
route. This study concluded that fast pyrolysis integrated with a fermentation step is
comparable with the other two processes and suggested that it should be considered for
further development (So and Brown 1999).
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Yu et al. (2003) investigated the acid hydrolysis of cellulosic pyrolysate to
glucose and its fermentation to ethanol. The maximum glucose yield was 17.4%,
obtained by the hydrolysis with 0.2 mol sulfuric acid per liter pyrolysate at 121 oC for 20
min. It was found that by autoclaving at 120 oC for 20 min, over 100% of levoglucosan in
the pyrolysate was converted to glucose, which indicated that other components in the
pyrolysate might have a contribution to glucose besides levoglucosan. The results also
showed that the acid-hydrolyzed pyrolysate was a suitable feedstock for ethanol
production by fermentation.
Helle et al. (2007) investigated the kinetic model for hydrolysis of levoglucosan
and cellobiosan from pyrolysis oil to produce glucose under acidic conditions with
sulfuric acid as catalyst. For levoglucosan hydrolysis, it was found that the reaction rate
increased exponentially with increasing temperature from 90 oC to 110 oC and increasing
the acid concentration from 110 mM to 500 mM had approximately the same effect as
increasing the temperature from 90 oC to 110 oC. It was proposed that levoglucosan
hydrolysis to glucose followed a first-order reaction with an activation energy of 114
KJ/mol. It was also reported that 44% of the cellobiosan was hydrolyzed initially to form
levoglucosan and glucose and the remaining cellobiosan was hydrolyzed initially to form
cellobiose. Both reactions were first order reactions based on cellobiosan with the
activation energy of 99 KJ/mol.
Olson et al. (2007) disclosed a process for producing glucose and other
fermentable sugars from a liquid mixture containing anhydrosugars. The process was
comprised of three steps, including water extraction of an anhydrosugar-rich fast
pyrolysis bio-oil fraction, further purification of the obtained anhydrosugar-rich fraction
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which yielded low fermentation inhibitor concentrations, and solid-phase catalytic
hydrolysis of the anhydrosugars to produce glucose and other fermentable sugars. It was
reported that the preferred and recyclable solid-phase acid catalyst system for this
application was a sulfonic acid-type resin or a Nafion resin under an operation
temperature range of 80 oC to 125 oC. It was found that when reaction time was increased
at 92 oC, by slowing the pumping rate from 0.5 to 0.25 ml/min, levoglucosan conversion
to glucose increased to 100%. A fermentability test with Saccharomyces demonstrated
that 90% of the glucose yielded in the hydrolyzed product was converted into ethanol.
Bacteria are not able to ferment anhydrosugars but ferment simple sugars to a variety of
useful products (Olson and Freel 2007). Figure 2.4 shows a diagram of the acid-catalyzed
hydrolysis of levoglucosan to glucose.

Figure 2.4

The acid-catalyzed hydrolysis of levoglucosan to glucose (Olson and Freel
2007).

Vitasari et al. (2011) reported that water extraction is the first important step to
isolate polar organic compounds from bio-oil into the aqueous fraction. Bio-oils are water
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emulsive suspensions of more than 100 chemical compounds. Levoglucosan (1, 6anhydro-β-D-glucopyranose) is one of major polar compounds which can be initially
extracted into the aqueous fraction with water as the solvent. It was also concluded that
the optimal condition for extracting forest residue-derived bio-oil was at a water-to-oil
ratio of 0.65-0.7 while the optimal condition for extracting pine-derived bio-oil was at a
water-to-oil ratio of 0.5. However, the levoglucosan concentration in both of the bio-oils
analyzed in this study was very low, with 1.7 wt % for forest residue-derived bio-oil and
1.6 wt % for the pine-derived pyrolysis oil.
Bennett et al. (2009) examined the potential to produce levoglucosan from bio-oil
without biomass demineralization or hydrolysis to remove hemicellulose. Rather, the
water to raw bio-oil ratio was varied to determine an optimum level for the water
fractionation method to produce the highest concentration of levoglucosan in the bio-oil
aqueous fraction. For the optimum water addition treatment of 41 wt %, at 34 oC, with an
extraction time of 22 minutes, the yield of levoglucosan was 7.8% of total raw bio-oil
weight and concentration was 87 g/L. This aqueous fraction was then hydrolyzed to
glucose at various acid concentrations, hydrolysis temperatures and reaction times. The
maximum glucose yield was obtained for a reaction time of 44 min at 124 oC hydrolyzed
with 0.5 M sulfuric acid. Based on the original levoglucosan weight the yield of glucose
was 216% following the hydrolysis step. Measured in g/L of glucose produced these
researchers obtained 16 g/L.
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CHAPTER III
BIO-OIL CHARACTERIZATION AS INFLUENCED BY FEEDSTOCK
CHEMICAL COMPOSITION

Abstract
Two woody biomass types (loblolly pinewood and sweetgum) and two
herbaceous energy crops (switchgrass and corn stover) were subjected to pyrolysis as
feedstocks to produce bio-oils via fast pyrolysis in a 7 kg/h feed rate auger reactor. A
particle size identified in previous research as optimum for maximizing bio-oil yield was
utilized to provide particles for the four study feedstocks. Feedstocks were pretreated
with dilute phosphoric acid and bio-oils were produced and analyzed to compare the biooil characteristics from both untreated and treated feedstocks. The chemical and
elemental compositions of the feedstocks were analyzed by various wet chemistry
methods and elemental analysis. Inorganic components, including Ca, Mg, K, and Na,
were analyzed via Inductively Coupled Argon Plasma Spectroscopy. The bio-oils were
analyzed to determine the pH, total acid number (TAN), density, viscosity, water content,
and higher heating value (HHV). The volatile and semi-volatile components of each biooil sample were analyzed via GC/MS. The results shown in this paper strongly indicate
that the ash content and alkali metal content are very important parameters which can
greatly affect the yield and many properties of bio-oils produced during fast pyrolysis.
The dilute acid pretreatment performed in this study significantly reduced the total ash
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content and alkali metal content in the feedstocks, resulting in a great increase in the biooil and levoglucosan yields. Meanwhile, this pretreatment process caused partial
decomposition of the carbohydrate polymers in the feedstocks, leaving the lignin
structures of the feedstocks intact. The results also show that feedstocks with low ash
content and high lignin content are desirable for production of bio-oils with high yields
and superior qualities. High holocellulose content in feedstocks tended to cause low biooil yield and high char and gas yield during fast pyrolysis. The resultant bio-oil had high
acidity and high water content. It was also shown that dilute acid pretreatment was more
effective in treating herbaceous feedstocks than woody biomass in terms of increasing
bio-oil production yield and improving bio-oil properties.
Introduction
The influence of particle size and temperature on the pyrolysis of two agricultural
residues (olive and grape bagasse) was studied by Encinar et al. (1996). Treatments
applied were temperature across the range of 300-900 oC with 100 oC increments for a
total of 7 treatments and particle size treatments were across the range of 0.4-2 mm for
those two agricultural residues. It was found that the particle size did not show any
influence on the pyrolysis products under the conditions of this study while temperature
proved to be a very important parameter giving maximum liquid pyrolysis product yields
between 600 oC and 700 oC.
Sensoz et al. (2000) investigated the influence of particle size on the bio-oil fuel
properties produced by fast pyrolysis of rapeseed in a fixed-bed Heinze reactor. Pyrolysis
experiments were performed at 500 oC with a heating rate of 40 oC/min. The rapeseed
feedstock particle sizes were across the range of 0.224-1.8 mm. It was found that the
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effects of feedstock particle size on the yields of bio-oil and char were insignificant under
the experimental conditions.
Bridgeman et al. (2007) investigated the influence of particle size on the chemical
composition of two energy crops (switchgrass and reed canary grass) and their thermal
analytical properties. Two different size fractions (<90 µm and 90-600 µm) were
investigated. The chemical composition of the two feedstocks of both sizes was analyzed.
Thermogravimetric analysis (TGA) and pyrolysis gas chromatography mass spectrometry
(Py-GC/MS) analytical techniques were applied to study the thermal conversion
characteristics of the two feedstocks of both sizes. Significantly higher contents of
inorganics and moisture were detected in the two energy crops with the smaller particle
(<90 µm) while higher carbon content and cellulose content and lower nitrogen content
were found for the larger size fraction (90-600 µm). The TGA and Py-GC/MS results
showed that the yields of decomposition products from cellulose and lignin were higher
for the larger particle size fraction. It was concluded that the pyrolysis reactions occurred
at lower temperature for the smaller size fractions and that higher yields of catalytic
pyrolysis decomposition products (volatile gaseous products) were formed for the smaller
size fractions. This result was hypothesized to occur because inorganic matter gathered
during harvest was disproportionately screened to smaller particle fractions.
Shen et al. (2009) investigated the influence of particle size on bio-oil yield and
composition produced from fast pyrolysis of mallee wood at 500 oC in a fluidized-bed
reactor. The particle size treatments were in the range of 0.18-5.6 mm. It was found that
as the biomass particle size increased from 0.3 to 1.5 mm, the bio-oil yield decreased due
to the decrease in the yield of heavy bio-oil fractions. Yield was constant for particle
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sizes larger than 1.5 mm. However, the light components (as related to volatility) versus
heavy components of the bio-oils changed with particle size. Increased proportions of
light organic components were found in the bio-oils produced from large particle sizes.
This was attributed to a reduced heat transfer rate across the larger particle sizes, thereby
reducing the pyrolysis heating rate. The heavier components could not be vaporized as
effectively from the larger particles with reduced heating rates. By contrast, the more
volatile light components of the larger particles could be pyrolyzed to vapor and this
component of the bio-oils increased proportionately. It was also reported that biomass
particle size and pyrolysis temperature did not greatly affect the water content of bio-oils
produced at low temperatures (less than 500 oC). It was concluded that grinding biomass
into different particle sizes could cause changes in biomass cell structure, which could
affect the resultant bio-oil yield and composition.
Westerhof et al.(2012) investigated the influence of particle geometry and
microstructure on fast pyrolysis of beech wood in a fluidized bed at 500 oC. Milled wood
particles within the range of 0.08-2.4 mm, natural wood cylinder with a diameter of 2-14
mm and length of 10-50 mm, and wood pellets (0.5-14 mm) made from milled beech
wood particles (0.08-0.14 mm) were studied at three different biomass particle
geometries and microstructures. The results showed that the pyrolysis product yields
were primarily determined by the outer biomass diameter and the resultant heating rate
for the large cylinders (6-14 mm), while the microstructures inside of the biomass were
of less importance in determining the product yields. For the small milled wood
particles, the smallest particles (less than 0.140 mm) gave the highest bio-oil yield and
lowest char yield because of their greater mass transfer rate during fast pyrolysis.
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Raveendran et al. (1995) studied the influence of mineral matter on the pyrolysis
characteristics of wood and twelve other types of biomass including agricultural
feedstocks and other plant biomass in a packed bed pyrolyser with 10-25 g of sample
size. A two-stage demineralization process was used in the study with the first stage of
10% HCl at 60 oC for 48 h and the second stage of 5% NaOH for 1 h at 90 oC. It was
found that the bio-oil yield increased while the gas yield decreased upon demineralization
for all the biomass studied. The initial decomposition temperature during fast pyrolysis
and the pyrolysis rate were also increased via demineralization. Researchers hypothesized
that the results could best be understood by considering that the active particle surface
area increased after demineralization. An increase in char yield upon demineralization
was observed for three of the biomass types (coir pith, groundnut shell, and rice husk)
due to their high content of lignin, potassium, and zinc. A correlation model was
developed in this study to predict the effect of ash content on the volatile products yield.
It was concluded that the ash content along with other organic chemical composition of
biomass play an important role in determining pyrolysis characteristics and product
distribution. However, this study only focused on the effect of mineral matter on biomass
pyrolysis characteristics in terms of liquid, gas, and char yield distribution, without
giving a full investigation on the liquid bio-oil characterization.
Agblevor et al. (1996) studied the effect of inorganic compounds in biomass
feedstocks on the quality of fast pyrolysis oils. It was found that the inorganic compounds
(Especially K and Ca) catalytically decomposed the biomass and activated char-forming
reactions during fast pyrolysis. It was also revealed that most of the inorganics were
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trapped in the chars instead of leaching into the bio-oils through the suspended chars left
in the liquid bio-oils.
Scott et al. (2001) performed a preliminary study on the rate of cation removal in
poplar wood by ion exchange using a very dilute acid treatment. It was found that the
majority of the alkaline cations were removed from poplar wood via an ion exchange
process using 0.1 wt % nitric acid solution. The yield of levoglucosan during fast
pyrolysis increased from 3 wt % for untreated poplar to 17.1 wt % for deionized poplar.
Das et al. (2004) investigated the influence of pretreatment via deashing on
pyrolysis yields and products of sugarcane bagasse. Three different deashing processes
were performed in this study by pretreatments of water leaching, application of 5 M HCl
solution, and application of 3% HF solution. Significant changes in yields of bio-oil, gas,
and char were reported because of the removal of extractives and hemicellulose in
addition to inorganics due to high concentration of the acid pretreatments.
Garcia Perez et al. (2007) compared the product yields and bio-oil properties
between softwood and hardwood biomass via vacuum pyrolysis. It was found that the
product yields and bio-oil properties via vacuum pyrolysis could be affected and partially
explained by the original chemical composition of the feedstocks used for pyrolysis. This
study showed that softwood bark contained high amounts of extractives and lignin while
hardwood was very rich in carbohydrates (cellulose and hemicellulose). It was concluded
that hardwood was considered to be a better feedstock for producing liquid bio-oils.
Fahmi et al. (2008) studied the effect of lignin and inorganic species on bio-oil
yields, quality and stability produced by fast pyrolysis in a 150 g/h pyrolysis reactor.
Seven different feedstocks and their resultant bio-oils were analyzed to investigate the
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effect of lignin and inorganic species on bio-oil yield, quality and stability. It was found
that lignin content and ash content had dominant effects on the yields of bio-oil, gas, and
char. Increase in ash content resulted in the increase of the yield of light bio-oil fraction
while higher lignin content led to higher yield of heavy bio-oil fraction. It was concluded
that the bio-oil quality and stability could be improved by removing inorganic matter
from the biomass through washing with de-ionized water, especially for biomass of high
ash content.
Johnson et al. (2009) investigated the possibility of improving the pyrolysis
selectivity of cellulose toward the formation of anhydrosugars and furanics by hot water
pretreatment. Wheat straw and α-cellulose were used as feedstocks treated by hot water
at 150-260 oC. Pyrolysis experiments were performed via Py-GC/MS. The results showed
that the hemicellulose and amorphous cellulose started to be solubilized as the
temperature increased during hot water pretreatment. It was found that the relative area of
the levoglucosan peak in the Py-GC/MS results increased as the pretreatment temperature
increased. It was concluded that the production of anhydrosugars and furanics via fast
pyrolysis could be enhanced by hot water pretreatment at temperatures between 220 and
260 oC.
A study of biomass pyrolysis based on its three major components (cellulose,
hemicellulose, and lignin) was conducted by Qu et al. (2011). Fast pyrolysis of each of
the individual components was performed in a tube furnace in the temperature range of
350-650 oC. The effect of temperature on pyrolysis products distribution in terms of
yields of bio-oil, noncondensable gas, and char was also investigated. It was found that
the maximum liquid product yields during fast pyrolysis for a model compound
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composed of cellulose, xylan (representing hemicellulose), and lignin were 65, 53, and
40%, with the corresponding pyrolysis temperatures at 400, 450, and 500 oC,
respectively. Based on the investigation of fast pyrolysis of the model compounds,
pyrolysis of three biomass feedstocks (rice straw, corn stalk, and peanut vine) was also
studied in order to develop a relationship between the chemical composition of biomass
and the product yields during fast pyrolysis. An additional law was proposed to estimate
biomass pyrolysis yields (bio-oil, gas, and char) based on the chemical composition of
cellulose, hemicellulose, and lignin.
Patwardhan et al. (2010) investigated the influence of inorganic salts on the
pyrolysis mechanism of cellulose by mixing pure cellulose with various inorganic salts
(NaCl, KCl, MgCl2, CaCl2, Ca(OH)2, Ca(NO3)2, CaCO3 and CaHPO4) and switchgrass
ash. Pyrolysis experiments were performed using Py-GC/MS. The effects of these
inorganic salts on the formation of formic acid, furan ring derivatives, and levoglucosan
were studied. The effect of pyrolysis temperature (350-600 oC) on the pyrolysis products
distribution of pure and mineral-doped cellulose was also reported. It was found that
pyrolysis reactions were activated by inorganic salts and high temperatures (> 500 oC),
causing the formation of volatile products with low molecular weight at the expense of
levoglucosan production. When pyrolyzed at 600 oC, pure cellulose produced 48 wt % of
levoglucosan and 28 wt % of formic acid as two major products. In the presence of
inorganic elements, glycolaldehyde was found to be another major product of cellulose
pyrolysis in addition to levoglucosan and formic acid. The following sequence was
reported relative to the importance of each mineral type in the decrease of levoglucosan
yield during fast pyrolysis of cellulose: K+>Na+>Ca2+>Mg2+.
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Mourant et al. (2011) investigated the effects of alkali and alkaline earth metals
(AAEM) on the yield and composition of bio-oil produced from fast pyrolysis of mallee
wood at 500 oC in a fluidized-bed pyrolyser. Mallee wood was washed with deionised
water and a dilute acid solution (0.1 wt % nitric acid) to remove the AAEMs from the
feedstock. It was found that the yields of bio-oil and char were not significantly
influenced by removal of AAEMs but the bio-oil properties were greatly affected by
removal of AAEMs, with increased viscosity and reduced water content. The results also
showed that the water-insoluble but acid-soluble AAEMs, especially Ca, played a more
important role in influencing the bio-oil properties than the water-soluble AAEMs (K,
Na, and Mg). It was indicated that the acid-soluble AAEMs were more closely involved
in the pyrolysis reactions due to their closer linkage with organic matter in biomass. A
significant increase in levoglucosan (5% to 9%) and lignin-derived oligomers during fast
pyrolysis were observed with the removal of AAEMs from mallee wood.
Hodgson et al. (2011) investigated the influence of genotypic variation and
harvest time on Miscanthus chemical composition and characteristics of the products via
pyrolysis. Different species and genotypes of Miscanthus were analyzed via wet
chemical, thermo-gravimetric (TGA) and Py-GC/MS methods to identify how the
genotypic differences in chemical composition may influence the characteristics of the
pyrolysis products. It was found that significant differences in chemical composition
were observed between Miscanthus species and genotypes. A clear relationship between
the biomass chemical composition and the composition of the volatile pyrolysis products
was also identified. The findings from this study indicated that feedstocks with a low
holocellulose to lignin ratio were suitable for producing bio-oils with good combustion
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properties while feedstocks with a high holocellulose to lignin ratio were favorable for
fast pyrolysis to produce bio-oils for biological application by fermentation into alcohols.
It was concluded that genotypic breeding could be a good pathway to produce new
Miscanthus species which would be applied for specific conversion technologies for
specific application and end uses.
Shi et al.(2012)studied the pyrolysis behavior of raw rice straw (RS), waterwashed rice straw (WRS) and acid-washed rice straw (ARS) in a fixed-bed reactor. It was
reported that 5% HCl washing removed almost all AAEMs from rice straw but barely
decomposed cellulose, hemicellulose, and lignin. It was found that pyrolysis products
distribution and decomposition characteristics of the chemical constituents were greatly
influenced by the content of AAEMs. It was shown that ARS yielded 1.5-2.0% more
liquid bio-oil than RS when pyrolyzed at temperatures ranging between 300-700 oC and
that the AAEMs in the raw rice straw accelerated the decomposition of the feedstock to
form more gaseous products in the temperature range of 300-450 oC. In this study, the
properties of the liquid bio-oils were not studied due to the limited capacity of the fixedbed reactor with only 2.2 g of biomass sample fed into the reactor. Therefore, not enough
bio-oils were produced for characterization of the properties.
Pasangulapati et al. (2012) studied the effects of biomass major composition
(cellulose, hemicellulose, and lignin) on the thermochemical conversion characteristics of
four biomass feedstocks, including switchgrass, wheat straw, eastern red cedar and dry
distilled grains with solubles (DDGS). The weight loss profiles, weight loss kinetic
parameters, and gas evolution profiles of these feedstocks during thermochemical
decomposition were studied by using a thermogravimetric analyzer (TGA). Online
52

gaseous products were analyzed by Fourier Transform Infrared Spectrometry (FTIR) and
Mass Spectrophotometer (MS). It was found that the chemical composition of these
feedstocks were considerably different. However, no significant difference in weight loss
profiles and gas evolution profiles was observed among switchgrass, wheat straw and
eastern red cedar. The weight loss kinetic parameters were also found to be similar
among these feedstocks except for the activation energy of eastern red cedar. It was
reported that higher concentrations of CO and CO2 were produced with switchgrass and
wheat straw because of their higher cellulose and hemicellulose contents than eastern red
cedar. In contrast, higher lignin content in eastern red cedar led to significantly higher
concentration of CH4 during thermochemical decomposition.
As discussed above, considerable research has been performed to investigate the
biomass pyrolysis characteristics resulting from variation in the individual components
(cellulose, hemicellulose, lignin and inorganic components) of biomass (Liu et al. 2008;
Patwardhan et al. 2009; Yang et al. 2007; Yang et al. 2006). Nevertheless, most of the
research performed was limited to micro scale by using TGA and Py-GC/MS techniques
to study the biomass pyrolysis behavior instead of investigating product yields and the
liquid bio-oil properties in terms of pH, density, viscosity, water content and total acid
number. Biomass particle size has been determined to be an important parameter for fast
pyrolysis. But limited knowledge is available for choosing the optimal biomass particle
size for maximum bio-oil yield and best bio-oil quality. The objective of this study was to
investigate dilute acid pretreatment to demineralize biomass and the effect of biomass
chemical composition of four lignocellulosic biomass types on the product yields (bio-oil,
char and gas) and properties of bio-oils produced via fast pyrolysis. The major goal of
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this study was to improve bio-oil yield and properties and specifically increase
levoglucosan yield during fast pyrolysis via dilute acid pretreatment. Findings from this
study are expected to give valuable information for producing best bio-oil yield and
quality.
Materials and Methods
Materials Preparation
Two woody biomass types (loblolly pinewood and sweetgum) and two
herbaceous energy crop types (switchgrass and corn stover) were used as feedstocks to
produce bio-oils via fast pyrolysis in a 7 kg/h feed rate auger reactor. Loblolly pine
lumber was purchased from a local lumber supplier in Starkville, MS. Sweetgum lumber
was purchased from a local harvested sawmill. Corn stover feedstock was purchased
from Monsanto Company (United States) and switchgrass was harvested from South
Farm of Mississippi State University. The loblolly pine and sweetgum lumber was first
chipped to paper-chip size (8 mm×20 mm×35 mm) chips in a wood chipper (Carthage
Machine Company). The wood chips were air-dried for 3-5 days at ambient temperature
to 8-10 wt % moisture content before grinding into smaller particles. Each feedstock type
was ground in a Bliss full circle hammer mill (29.8 kW, 40 hp) with a 6.35 mm (1/4 in)
screen. Biomass particles were subsequently sieved to a particle size of 0.68-1.53 mm by
utilizing a Model ZS30-S6666 vibratory sifter (SWECO Vibro-Energy Separator,
Florence, KY).
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Biomass Pretreatment
Ground feedstocks were demineralized by dilute acid pretreatment with 0.1%
phosphoric acid solution. The feedstocks were immersed in 0.1% phosphoric acid
solution (sample/solution weight ratio = 1: 10) and heated at 100oC for 1 h in a water bath
(Thermo Fisher, Waltham, MA). Following phosphoric acid pretreatment, feedstocks
were washed with distilled water until neutralization and then dried in a 105oC oven to
below10 wt % moisture content. After drying, the untreated and pretreated feedstocks
were stored in sealed plastic containers for future pyrolysis.
Fast Pyrolysis in an Auger Reactor
A 7 kg/h auger-fed pyrolysis reactor, described previously (Pittman et al. 2012),
produced the required bio-oils. Pyrolysis occurred in a reactor tube and the pyrolysis
vapor moved through a condenser train where it was condensed to bio-oil. Nitrogen was
supplied continuously to the reactor heated zone as an inert gas to exclude all oxygen
from the pyrolysis reactor. The temperature of the initially formed vapor was about 30 oC
below the set pyrolysis temperature (475 oC for woody biomass and 400 oC for energy
crops). The pyrolysis vapor exited the heated reactor tube into a water-cooled first
condenser where its temperature dropped to about 75-80oC. A second condenser lowered
the temperature to 25-35 oC and aerosol (fog-like) liquid/vapor continued into the third
and the fourth condensers, which both maintained almost the same temperature as the
second condenser (25-35 oC). The non-condensable gases produced in this process were
collected from the exit of the fourth condenser by using a gas sampler (GAV-200 MK 2
gas sampler kit, SGE Analytical Science) and analyzed by GC/TCD. Liquid condensate
was collected from all four condensers and combined to be analyzed as a whole bio-oil
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sample. Char was collected in a sealed vessel at the end of the reactor tube and weighed.
The non-condensable gases passed through a Ritter gas flow meter to measure the
volume and flow rate. All these measurements enabled the calculation of pyrolysis yields
and a relatively good mass balance closure. A minimum run time of 30 minutes was
performed for each feedstock to ensure an accurate mass balance calculation and also to
obtain sufficient bio-oil for various analyses.
Biomass Compositional Characterization
Prior to biomass compositional analysis, all feedstocks were milled to a particle
size range of 40-60 mesh according to ASTM standard E1757-01. Samples were dried in
a 105 oC oven for 6 hours for moisture content analysis. Ash content analysis was
performed by the ASTM standard D 1102-84 by heating samples in a muffle furnace at
575 oC for 6 hours and weighing the residue after cooling in a desiccator. Inorganic
components, including Ca, Mg, K, and Na, were analyzed via Inductively Coupled Argon
Plasma Spectroscopy (ICP, Thermo Fisher, Waltham, MA). Oven-dried (at 80 oC) 0.5g
biomass samples were weighed into a 30 ml porcelain crucible. The crucible was then
placed into a muffle furnace for 8h at 500 oC and cooled in a desiccator. A dilute acid
mixture was prepared by adding 300 mL hydrochloric acid and 100 mL nitric acid in
1000 mL water. An aliquot of 10 mL dilute acid mixture was added to the crucible to
dissolve the ash. Suspended material was allowed to settle to the bottom of the crucible
and the resulting clear solution was analyzed by ICP spectroscopy.
Lignocellulosic composition of the feedstocks, including structural carbohydrates
and Klason lignin content analysis, was performed according to the NREL method
“Determination of Structural Carbohydrates and Lignin in Biomass”(Sluiter et al. 2008).
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By this method, an extracted sample of about 0.3g samples was pre-hydrolyzed with 72%
H2SO4 at 30oC for 1h. The hydrolysate was then transferred to a pressure tube by adding
84 mL of distilled water and autoclaved (Thermo Fisher, Waltham, MA) at 121oC for 1h.
The resultant hydrolysate was filtered through a filtering crucible to separate the solid
residue from the hydrolysis solution. The solid residue was dried and weighed for
calculation of Klason lignin content, while the filtrate was collected for carbohydrate
analysis via Agilent 1200 Series High Performance Liquid Chromatography (HPLC,
Agilent, Santa Clara, CA) with a Biorad Aminex HPX-89P column equipped with guard
column and refractive index detector. The column and detector were operated at 80oC and
40oC, respectively. The flow rate of the mobile phase (HPLC grade water, 0.2 µm filtered
and degassed) was held constant at 0.6 ml/minute and the injection sample was 10 µL.
Calibration curves were prepared using sugar standards with concentrations ranging from
0.2mg/ml to 24.0 mg/ml.
Composition Analysis of Non-condensable Gases
The chemical composition of the non-condensable gas collected during fast
pyrolysis was analyzed via Varian CP-4900 Micro Gas Chromatograph equipped with a
thermo conductivity detector (GC/TCD). Four independent GC channels were available
on the Varian CP-4900 Micro Gas Chromatograph system. Channel No.1, with a 10
meter MS5A GC column, was utilized to analyze hydrogen, oxygen, nitrogen, methane,
and carbon monoxide concentration. Channel No.2, with a 10 meter PPQ GC column,
was utilized to test the concentration of carbon dioxide and ethane.
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Elemental Analysis
Carbon, hydrogen, nitrogen content and oxygen (by subtraction) were measured
with a CE-440 Elemental Analyzer (Exeter Analytical, North Chelmsford, MA). About 13 mg samples were weighed into a tin capsule by using an ultra microbalance (Sartorius,
Data Weighing Systems, Inc., Elk Grove, IL). The tin capsule was sealed immediately
with an Exeter Analytical Capsule Sealer and placed inside a nickel sleeve for sample
injection. Static combustion was conducted at 960 oC in pure oxygen, and the sample was
reduced at 700 oC. Helium was used to carry the combustion products through the
analytical system and also for purging the instrument. A calibration verification standard
was injected after every ten sample runs to ensure quality control. Oxygen content was
calculated by subtraction.
Bio-oil Characterization
Bio-oil water content was measured by Karl Fisher titration according to ASTM
standard E203 with a Cole-Parmer Model C-25800-10titration apparatus(Thermo Fisher
Scientific Inc, Waltham, MA).Kinematic viscosity at 40 oC of bio-oils was measured
according to ASTM standard D445. Density of bio-oils was calculated according to
ASTM standard D4052.pH value of bio-oils was measured with an expanded ion
analyzer EA 920. The total acid number (TAN) of bio-oils was determined by titrating
the 1gm of bio-oil sample (dissolved in 35/65 vol/vol isopropanol and water mixture)
with 0.05 N NaOH to pH = 8.5 as the end point. Higher heating value (HHV) was
determined using a Parr 6200 oxygen bomb calorimeter (Parr Instrument Co., Moline,
IL).
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Gas Chromatography/Mass Spectrometry (GC/MS)
The volatile and semi-volatile components of each bio-oil sample were analyzed
utilizing a Hewlett Packard 5890 series II gas chromatograph equipped with a Hewlett
Packard 5971 series mass spectrometer. The injector temperature was 270 oC. A 30 m
×0.32 mm internal diameter ×0.25 µm film thickness silica capillary column coated with
5% phenylmethylpolysiloxane was used at an initial 40 oC (4 min hold) followed by
heating at 5 oC/min to a final temperature of 280 oC and held for 15 min. The mass
spectrometer employed a 70eV electron impact ionization mode, a source (detector)
temperature of 250 oC and an interface temperature of 270 oC. The method for the
quantitative calibration of a list of 32 target compounds was compiled from previously
published literature (Ingram et al. 2008). A commercial calibration internal standard (US108N, Ultra Scientific) with a mixture of six isotopically labeled compounds comprised
an internal standard for calibration. The calculated concentrations of 32 target compounds
as a weight percentage in bio-oil produced from the study feedstocks were listed in
Appendix A-H.
Experimental Design
The relationship between bio-oil and char yield and the ash content, lignin
content, and holocellulose-to-lignin ratio were explored by application of regression
analysis. Prior to fitting the regressions, examination of plots indicated a linear
relationship between dependent and independent variables in all cases. Therefore, linear
regression as given by Model 3.1 was applied:
y = ax + b
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Model 3.1

Where: the dependent variable y is either bio-oil or char yield;
a is the coefficient of the slope for the independent variables (ash content,
lignin content, and holocellulose-to-lignin ratio);
b is the intercept term.
Analysis of variance (ANOVA) was performed by SAS software version 9.2. The
interaction model for a two-factor completely randomized design is given in Model 3.2.
The model is comprised of two factors: feedstock type (four study feedstocks) and
pretreatment (untreated and treated). Fisher’s least significant difference (LSD) method
was utilized to determine the significance of the ANOVA before the comparison of
means test. All tests of significance in this study were performed at the 0.05 level. Each
treatment combination (4 by 2) was performed three times.
Yijk = µ + αi + βj + (αβ)ij + εijk

Model3.2

Where: Yijk represents dependent variables of bio-oil properties: water content,
total acid number (TAN) and levoglucosan weight percentage in bio-oil;
µ is the overall mean;
αi represents the influence of feedstock type (four study feedstocks);
βj represents the influence of pretreatment level (untreated or pretreated);
(αβ)ij represents the interaction influence between feedstock type factor
and pretreatment factor;
εijk is the random error term.
Principle component analysis (PCA) is a statistical technique which allows
researchers to reduce a large number of variables to extract the main information (Jolliffe
1986). The results are characterized by giving clustering information and also
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establishing relationships between objects and variables (Jolliffe 1986). It has been
applied to study GC/MS and NIR data (Kelley et al. 2004; Rocha et al. 2006) and is
considered to be a very useful tool in identifying patterns and trends from large datasets
influenced by multiple variables. PCA was used to analyze the relationship between
feedstocks (objectives) and the bio-oil properties (variables). Bio-oil properties included
pH, TAN, water content, density, viscosity, liquid bio-oil yield, char yield, and gas yield.
PCA was performed using the Unscrambler Software (CAMO, Corvallis, OR, USA).
Results and Discussion
Feedstock Characterization
The chemical composition analysis results of untreated and treated feedstocks,
including moisture, ash, extractives, lignin, cellulose and hemicellulose content, are
summarized in Table 3.1. Table 3.2 gives elemental analysis results (C, H, N) and alkali
metal content (Ca, K, Mg, Na), where oxygen content was calculated by difference. Both
tables show that herbaceous energy crops contain very high ash content compared to
woody biomass feedstocks and dilute acid pretreatment greatly reduced the total ash
content and alkali metal content in the feedstocks, which agrees with previous research
findings (Das et al. 2004; Fahmi et al. 2008; Raveendran et al. 1995). After acid
pretreatment, the Klason lignin content remained almost the same compared to the
corresponding untreated feedstock except for sweetgum. The Klason lignin content of
sweetgum increased after dilute acid pretreatment. Moderate increases in cellulose
content were observed for pinewood and sweetgum feedstocks and relatively greater
increases were found for switchgrass and corn stover feedstocks after pretreatment. In
terms of hemicellulose, the values decreased for pinewood and switchgrass and increased
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for sweetgum and corn stover after pretreatment. These results show that dilute acid
pretreatment performed in this study did not decompose the lignin structures of the
feedstocks but caused decomposition of the carbohydrate polymers in the feedstocks. The
extent of the decomposition effects differed by feedstock type due to each type’s different
physical structure and chemical properties. Statistic tests will be discussed and referenced
later.
Particle Size Selection
Two previous studies were performed by Wang et al. (2011; 2012) on the effects
of biomass particle size on bio-oil yields produced from pinewood, sweetgum,
switchgrass and corn stover. These two studies are related to our current research because
the feedstock types and particle sizes studied are the same and bio-oils were produced in
the same auger reactor. Wang et al. (2011) showed that for untreated pinewood, both
large (>1.532 mm) and medium (from 0.68-1.532 mm) particle sizes gave the same biooil yield of 54 wt% with char yield of 19 wt % and 18 wt %, respectively. The small
particle size (<0.68 mm) resulted in a much lower bio-oil yield of 45 wt % and char yield
of 16 wt %, with considerably greater gas yield. It was concluded that large and medium
particle sizes are better for producing bio-oils in higher yield. The second study
performed by Wang et al. (2012) investigated the effects of the three described particle
sizes on bio-oil yields produced from sweetgum, switchgrass and corn stover. The
researchers concluded that medium particle size (0.68-1.532 mm) was the optimum
particle size for all three feedstock types because it provided higher bio-oil yields.
The objective of this current study was to extend the Wang et al. (2011; 2012)
results beyond bio-oil yield to bio-oil quality. The same medium particle size (0.68-1.532
62

mm) was utilized to produce bio-oil from four feedstocks. This also allowed regression
correlation of feedstock chemical composition to bio-oil and char yields with particle size
held constant.
Relationships between Biomass Chemical Composition and Bio-oil and Char Yields
Table 3.3 shows the pyrolysis conditions and mass balance closure of the
untreated and pretreated feedstocks in the 7 kg/h auger-fed pyrolysis reactor on a dry
mass basis. Pinewood and sweetgum were pyrolyzed at 475 oC while switchgrass and
corn stover were pyrolyzed at 400 oC. The reactor was running at a satisfyingly stable
condition and produced a mass balance closure greater than 85% for all the untreated and
treated feedstocks. In order to investigate the relationship between biomass chemical
composition and the yields of bio-oil and char, linear regression models were developed
to describe the correlation of each of the biomass components with the bio-oil and char
yield. It was hypothesized that these 8 feedstocks would respond similarly to the levels of
ash content, lignin content, and holocellulose-to-lignin ratio. Therefore, data from all 8
feedstocks in the study, as listed in Table 3.2, were pooled and analyzed. Each variable
was analyzed by regression and examination of the plotted data indicated a linear
relationship with all bio-oil characteristics tested. Therefore, a linear regression was fit
relating the biomass variables with each bio-oil characteristic. The linear regression
model for gas yield was estimated but the relation was not pursued due to the poor
coefficient of determination (R2).
Figure 3.1 shows the relationship between biomass ash content and bio-oil and
char yield during fast pyrolysis. The estimated linear regression equations for bio-oil
yield and char yield are given in Equation 3.1 and Equation 3.2.
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Cellulose content was calculated as equal to the amount of glucan.
Hemicellulose content was calculated as the sum of xylan, Arabian, galactan, and mannan.
3
Holocellulose content was calculated by addition of cellulose and hemicellulose.
4
H/L represents the ratio of holocelulose content to Klason lignin content.
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2.97

3.10

2.53

2.64

2.08

2.13

H/L4
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Feedstock Type

C
(%)

H
(%)

N
(%)

O1
(%)
71.2
6.0
100.3
16.8
270.6
35.8
287.8
11.0

18.76
18.26
17.66
17.93
15.74
15.96
14.86
17.48

14.8

811.7

14.4

551.9

22.2

57.5

14.0

38.9

1.1

164.5

9.6

120.8

3.1

33.3

1.8

20.3

7.7

12.8

8.0

8.5

10.7

9.7

9.0

5.8

34.6

1276.8

67.8

951.8

52.8

200.8

30.7

136.1

HHV
Ca
K
Mg
Na
Total alkali metals
(MJ/Kg) (ppm) (ppm) (ppm) (ppm)
(ppm)

Elemental and alkali metal content of untreated and treated feedstocks.

Untreated
46.81 6.52 0.18 46.49
Pinewood
Treated
46.85 6.52 0.16 46.47
Pinewood
Untreated
45.38 6.41 0.21 48.00
Sweetgum
Treated
45.56 6.47 0.22 47.75
sweetgum
Untreated
40.07 6.04 0.97 52.91
Switchgrass
Treated
42.89 6.07 0.44 50.60
switchgrass
Untreated
39.87 5.95 0.74 53.44
Corn stover
Treated
45.31 6.29 0.32 48.08
Corn stover
1
Oxygen content is calculated by difference.

Table 3.2
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0.1

0.7

57.0
24.7
11.8
93.5

7.5

8.1

55.1
20.5
11.0
86.6

475

475

36.0
30.6
26.0
92.7

5.9

9.2

400

50.1
35.2
11.7
97.0

4.3

6.6

400

38.2
31.7
19.3
89.2

11.4

9.3

400

40.6
27.8
17.2
85.5

2.4

6.8

400

Untreated Treated
Untreated
Treated
Untreated
Treated
Untreated
Treated
Pinewood Pinewood Sweetgum Sweetgum Switchgrass Switchgrass Corn Stover Corn Stover

Mass balance of fast pyrolysis of untreated and treated feedstocks.

Feedstock Type
Reactor Temperature (oC)
475
475
Moisture
8.8
8.7
Content (mf wt%1)
Ash
0.3
0.1
(mf wt%)
Yields
(mf wt%)
Bio-oil
58.8
66.3
Char
19.6
21.7
Gas
15.6
8.4
Closure (%)
93.9
96.4
1
mf wt % stands for moisture free weight percentage.

Table 3.3

Bio-oil yield (wt %) = -2.1512*ash content (wt %) + 57.033 Equation 3.1
Char yield (wt %) = 1.0634*ash content (wt %) + 23.124

Equation 3.2

The regression statistics showed that both the ash content coefficient and the
regression were significant at the 0.05 level. R2 value was 0.6115 for Equation 3.1 and
0.5443 for Equation 3.2.

Figure 3.1

Regression equations relating biomass ash content to bio-oil yield and char
yield.

Figure 3.2 shows the relationship between biomass lignin content and bio-oil and
char yield during fast pyrolysis. The estimated linear regression equation for bio-oil yield
and char yield are given in Equation 3.3 and Equation 3.4.
Bio-oil yield (wt %) = 3.0272*lignin content (wt %) – 19.95 Equation 3.3
Char yield (wt %) = -1.3498*lignin content (wt %) + 57.777 Equation 3.4
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The regression statistics showed that both the lignin content coefficient and the
regression were significant at the 0.05 level. R2 value was 0.7567 for Equation 3.3 and
0.548 for Equation 3.4.

Figure 3.2

Regression equations relating biomass lignin content to bio-oil yield and
char yield.

Figure 3.3 shows the relationship between biomass holocellulose-to-lignin ratio
and bio-oil and char yield during fast pyrolysis. The linear regression equation for bio-oil
yield and char yield are given in Equation 3.5 and Equation 3.6.
Bio-oil yield (wt %) = -22.076 *(H/L) + 109.8

Equation 3.5

Char yield (wt %) = 9.8204*(H/L) – 0.0132

Equation 3.6

The regression statistics showed that both the holocellulose-to-lignin ratio
coefficient and the regression were significant at the 0.05 level. R2 value was 0.7722 for
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Equation 3.5 and 0.5566 for Equation 3.6. The results in Figure 3.1 to 3.3 indicate that
the hypothesis of a linear relationship between biomass chemical characteristics and biooil properties was correct based on the relatively high values of coefficient of
determination (R2) for the regressions.

Figure 3.3

Regression equations relating biomass holocellulose-to-lignin ratio to biooil yield and char yield.

Figure 3.1 shows the plotted relationship between ash content and bio-oil and char
yield. These results show that as ash content increased, the bio-oil yield decreased while
the char yield increased. The R2 values of 0.61 for the bio-oil yield and 0.54 for the char
yield relationships show only moderate explanatory power for the regressions. These
findings agree with the research results previously cited (Agblevor and Besler 1996;
Fahmi et al. 2008; Raveendran et al. 1995; Shi et al. 2012). The results indicate that bio69

oil yield can be improved by reducing the ash content of the feedstock by removal of
alkali metals. This can be simply achieved by the dilute acid pretreatment method applied
in this study. Figure 3.2 shows that biomass lignin content is strongly correlated to bio-oil
yields during fast pyrolysis with a R2 value of 0.76. This relationship shows that higher
bio-oil yields accompanied by lower char yield can be obtained with feedstocks which
contain high lignin content. On the other hand, Figure 3.3 shows that high holocelluloseto-lignin ratio resulted in high char yield during fast pyrolysis at the expense of the liquid
bio-oil yield. A R2 value of 0.77 shows a strong negative correlation between the
holocellulose-to-lignin ratio and bio-oil yield. A weaker relationship (R2=0.56) indicates
that char yield increased as the holocelullose-to-lignin ratio increased.
Effects of Biomass Chemical Composition on Bio-oil Properties
The liquid products obtained from the fast pyrolysis of lignocellulosic biomass
showed a wide variation in composition depending on the feedstock type. Pretreatments
of feedstocks prior to fast pyrolysis have been proved to be an effective way to alter the
chemical composition of bio-oils for different purposes. Four feedstock types (loblolly
pinewood, sweetgum, switchgrass and corn stover) with particle size of 0.68-1.53 mm
both with and without pretreatment were pyrolyzed and bio-oils were analyzed. Table 3.3
shows that bio-oil yields for woody feedstocks tend to be higher than those for
herbaceous feedstocks. This is because woody biomass (pinewood and sweetgum) has
lower ash content, higher lignin content, and lower holocellulose-to-lignin ratio compared
to herbaceous biomass (switchgrass and corn stover) as shown in Table 3.1. It is also
shown in Table 3.3 that liquid bio-oil yields increased for all four feedstock types after
dilute acid pretreatment, especially for switchgrass, with an increase in bio-oil yield from
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36.0% to 50.1% after acid pretreatment. This may be explained by the reduced AAEM
contents in the feedstocks after dilute acid pretreatment as shown in Table 3.2.
The comparison of means test results for bio-oil properties are shown in Table
3.4. It can be seen that the pH values of all the bio-oils range between 2-3 and the density
values are about 1.0-1.2 g/ mL. From Table 3.4, bio-oil viscosity varies among different
feedstocks with treated corn stover having the highest viscosity of 32.47 cSt and the rest
of which are below 10 cSt. Bio-oil density and viscosity are highly related to bio-oil
water content, which will be discussed in the following paragraph.
The Model 3.2 two-term interaction variable, feedstock type and pretreatment
method, for water content was found to be significant. Figure 3.4 shows the mean
response plot for water content of the eight bio-oils produced from four study feedstocks
of both untreated and pretreated. The untreated pinewood and sweetgum water contents
were significantly lower than for the untreated herbaceous feedstocks. This is because
untreated herbaceous biomass (switchgrass and corn stover) contains higher ash content,
lower lignin content, and higher holocellulose-to-lignin ratio compared to woody biomass
(pinewood and sweetgum) as shown in Table 3.1. Figure 3.4 also shows that after acid
pretreatment, bio-oil water content significantly increased from 38.33 wt % to 55.07 wt
% for sweetgum while bio-oil water content of pinewood stayed almost the same after
acid pretreatment. This may be related to the increased holocellulose content of
sweetgum after acid pretreatment. On the other hand, bio-oil water content significantly
decreased for switchgrass and corn stover after pretreatment, from 61.68 and 54.71 wt %
to 33.88 and 36.42 wt %, respectively. This can be explained by the reduced AAEM
content of switchgrass and corn stover after pretreatment as shown in Table 3.2.
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Therefore, the interaction for water content was caused by the variable chemical
composition of these different feedstocks.

Figure 3.4

The mean response plot for water content of bio-oils produced from
different feedstock type.

Again, the Model 3.2 two-term interaction variable, feedstock type and
pretreatment method, for total acid number was found to be significant. Figure 3.5 shows
the mean response plot for total acid number (TAN) of eight bio-oils produced from the
four untreated and pretreated study feedstocks. Figure 3.5 shows that the bio-oil produced
from untreated sweetgum had the highest TAN of 119.2 mg KOH/g. This might be
because of the relatively high ash content and high holocellulose-to-lignin ratio in
untreated sweetgum as shown in Table 3.1. It appears that the high ash content in the
untreated sweetgum feedstock catalyzed the increased production of carboxylic acids.
The bio-oil produced from treated pinewood had the lowest TAN of 60.86 mg KOH/g.
This might be explained by the low ash content and low holocellulose-to-lignin ratio in
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treated pinewood (Table 3.1). For pinewood and sweetgum, acid pretreatment
significantly decreased the TAN of the bio-oils because acid pretreatment removed most
of the ash from the woody feedstocks (Table 3.1). No significant change in TAN was
found for switchgrass or corn stover after acid pretreatment because of the relatively high
ash content (4.28 wt % and 2.43 wt %, respectively) remaining in the herbaceous
feedstocks after pretreatment (Table 3.1). This can be contrasted to the very low ash
contents of treated pinewood and sweetgum (0.07 wt % and 0.09 wt %, respectively) in
Table 3.1. Therefore, the interaction for TAN was also caused by the variable chemical
composition of these four different feedstocks.

Figure 3.5

The mean response plot for total acid number (TAN) of bio-oils produced
from different feedstock type.

The Model 3.2 two-term interaction variable, feedstock type and pretreatment
method, for levoglucosan percentage in bio-oils was found to be significant. Figure 3.6
shows the mean response plot for the levoglucosan percentage in the eight bio-oils
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produced from the four study untreated and pretreated feedstocks. It can be seen that
dilute acid pretreatment significantly increased the weight percentage of levoglucosan in
the bio-oils for all four types of feedstocks because of the successful removal of AAEMs
via dilute acid pretreatment. The highest concentrations of levoglucosan were obtained
for treated sweetgum and treated switchgrass, with values of 15.37 and 14.36 wt %,
respectively. This is because treated sweetgum and treated switchgrass have high
cellulose content (44.82 wt % and 41.65 wt %, respectively) and low AAEM content
(Table 3.2). Therefore, the interaction for levoglucosan percentage in bio-oils was caused
by the different cellulose contents and holocellulose to lignin ratios of these different
feedstocks. All these results indicate that bio-oil properties can be improved by
decreasing ash content of the feedstock via removing alkali metals, which can be simply
achieved by the dilute acid pretreatment method performed in this study. The results also
show that feedstocks, either naturally or by dilute acid pretreatment, that have low ash
content, high lignin content, and low holocellulose-to-lignin ratio, are desirable for
production of bio-oils with low water content, low TAN, high bio-oil and levoglucosan
yields.
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Figure 3.6

The mean response plot for levoglucosan percentage in bio-oils produced
from different feedstock type.

Principal Component Analysis
Figure 3.7 and 3.8 show the PCA results with an explanation of 77% of the
variables. Generally, explanation of above 60% of variables is considered to produce
reliable results. It can be seen that TS (treated switchgrass) and TC (treated corn stover)
are distributed in one cluster. This indicates a similarity of bio-oil properties for the
clustered feedstocks. Rather than clustering, UP (untreated pinewood), TP (treated
pinewood), TG (treated sweetgum), UG (untreated sweetgum), US (untreated
switchgrass), and UC (untreated corn stover) did not cluster in the score plot due to their
great differences in bio-oil properties.
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Figure 3.7

Principle component analysis of bio-oil yields and properties for untreated
and treated feedstocks (Scores Plot).

Note: TP-treated pinewood; TG-treated sweetgum; TS-treated switchgrass; TC-treated
corn stover; UP-untreated pinewood; UG-untreated sweetgum; US-untreated switchgrass;
UC-untreated corn stover.

By interpreting information in Figure 3.7 and 3.8, TP is on the left side of the
score plot while bio-oil yield is also located on the same side in the X-loading plot. This
indicates that treated pinewood (TP) had the greatest positive effect on the bio-oil yield.
On the other hand, US is located on the right side of the score plot while water content is
located on the same side of the X-loading plot. This indicates that untreated switchgrass
(US) had the highest water content value of all the bio-oils. Untreated sweetgum (UG) is
located at the top part of the score plot while TAN is also located on the top part of the X-
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loading plot. This indicates that untreated sweetgum (UG) tended to have the highest
TAN value of all the bio-oils.

Figure 3.8

Principle component analysis of bio-oil yields and properties for untreated
and treated feedstocks (X-loadings Plot).

Summary
Two woody biomass feedstocks (loblolly pinewood and sweetgum) and two
herbaceous energy crops (switchgrass and corn stover) were subjected to dilute acid
pretreatment and pyrolysis as feedstocks to produce bio-oils for analysis. The results
shown in this paper support findings by previous research that the ash content and alkali
metal content are very important parameters which can greatly affect the yield and
properties of bio-oils produced during fast pyrolysis. The dilute acid pretreatment
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performed in this study can significantly reduce the total ash content and alkali metal
content in the feedstocks, resulting in a significant increase in the bio-oil yield and
levoglucosan concentration in the bio-oil. In addition, this pretreatment process caused
decomposition of the carbohydrate polymers in the feedstocks, leaving the lignin
structures of the feedstocks intact. The results also show that feedstocks with low ash
content and high lignin content are desirable for production of bio-oils with high yield
and superior qualities. High holocellulose content in feedstocks tended to cause low biooil yield and high char and gas yield during fast pyrolysis. The resultant bio-oil has high
acidity and high water content. However, high cellulose content was found to be
beneficial for high levoglucosan yield during fast pyrolysis. It was also shown that dilute
acid pretreatment was more effective in treating herbaceous feedstocks than woody
biomass in terms of increasing bio-oil production yield and improving bio-oil properties.
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CHAPTER IV
WATER ADDITION TO EXTRACT MAXIMUM LEVOGLUCOSAN FROM THE
BIO-OIL PRODUCED VIA FAST PYROLYSIS OF
PRETREATED LOBLOLLY PINEWOOD

Abstract
Levoglucosan is the major anhydrosugar component of bio-oil produced by fast
pyrolysis. Previous research has shown that levoglucosan yield can be greatly increased if
a mild acid pretreatment is applied to demineralize the feedstock prior to pyrolysis. The
interest in levoglucosan production is that it provides a route to production of monomeric
sugars, primarily glucose, which can be utilized to produce biochemically derived fuels
(ethanol, butanol, etc.) or catalyzed to hydrogen. In this study, bio-oil composed of high
levoglucosan concentration was produced via fast pyrolysis of dilute acid pretreated
loblolly pine wood in an auger reactor. Water-to-bio-oil ratio, temperature, and time were
selected as the three parameters to investigate the optimal condition for extracting the
maximum amount of levoglucosan from the bio-oil. A response surface design (Box
Behnken Design) was utilized to determine the direct and interactive effects of the three
parameters on the extraction yield of levoglucosan from the bio-oil. The optimal
condition for levoglucosan extraction was 1.3 : 1 (water-to-bio-oil ratio), 25 oC, and 20
min, with a levoglucosan yield of 12.7 wt %.
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Introduction
Limited fossil fuel resources and environmental concerns have motivated a search
for renewable sources for viable energy and fuels. Worldwide rapid economic
development has increased the demand for energy. The search for technology to convert
renewable sources into energy and fuels has become a major research and development
focus. Biomass, as a renewable feedstock which contains above 40% carbon, is a suitable
renewable source that can be used for conversion into hydrocarbon transportation fuels
(Lynd et al. 1991). Fast pyrolysis is quite an efficient and cost-effective way for
converting lignocellulosic biomass to liquids because it requires low capital investment
and is easy to scale up to commercial plants (Bridgwater 1994).
Levoglucosan (1,6-anhydro-β-D-glucopyranose) is a product of cellulose
pyrolysis. When cellulose is heated to over 300°C, it undergoes various pyrolytic
processes to produce levoglucosan as the major anhydrosugar in the resultant bio-oil
(Scott et al. 1995). Previous research has shown that levoglucosan yield can be greatly
increased if a mild acid pretreatment is applied to demineralize the feedstock prior to
pyrolysis (Dobele et al. 2003; Mourant et al. 2011; Patwardhan et al. 2010; Scott et al.
2001). The interest in levoglucosan production is that it provides a route to production of
monomeric sugars, primarily glucose, which can be utilized to produce biochemically
derived fuels (ethanol, butanol, etc) (Bennett et al. 2009; Lian et al. 2010) or can be
converted into hydrogen (Fermoso et al. 2012; Quéméneur et al. 2012; Sigurbjornsdottir
and Orlygsson 2012).
An economic analysis of three lignocellulose-to-ethanol conversion technologies:
fast pyrolysis integrated with a fermentation step, simultaneous saccharification and
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fermentation (SSF), dilute sulfuric acid hydrolysis and fermentation was conducted in
1999 (So and Brown 1999). The estimated production cost of ethanol was $1.57, $1.28,
and $1.35 per gallon for fast pyrolysis, SSF, and acid hydrolysis, respectively. An ethanol
production yield of 360 liters per ton feedstock (DM) was estimated for the fast pyrolysis
route. This study concluded that fast pyrolysis integrated with a fermentation step is
comparable with the other two processes and suggested that it should be considered for
further development(So and Brown 1999).
Vitasari et al. (2011) reported that water extraction is the first important step to
isolate polar organic compounds from bio-oil into the aqueous fraction. Bio-oils are water
emulsive suspensions of more than 100 chemical compounds. Levoglucosan (1, 6anhydro-β-D-glucopyranose) is one of major polar compounds which can be initially
extracted into the aqueous fraction with water as the solvent. It was also concluded that
the optimal condition for extracting forest residue-derived bio-oil was at a water-to-oil
ratio of 0.65-0.7 while the optimal condition for extracting pine-derived bio-oil was at a
water-to-oil ratio of 0.5. However, the levoglucosan concentration in both of the bio-oils
analyzed in this study was very low, with 1.7 wt % for forest residue-derived bio-oil and
1.6 wt % for the pine-derived pyrolysis oil. Previous research showed that hot water or
mild acid pretreatment of cellulose or lignocellulosic biomass, washing the biomass with
distilled water, drying to moisture content suitable for pyrolysis and application of fast
pyrolysis has produced elevated yields of anhydrosugars in bio-oil compared to yields of
untreated biomass (Dobele et al. 2003; Johnson et al. 2009). Scott et al. (2001) performed
a preliminary study on the rate of cation removal in poplar wood by ion exchange using a
very dilute acid treatment. It was found that the majority of the alkaline cations were
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removed from poplar wood via an ion exchange process using 0.1 wt % nitric acid
solution. The yield of levoglucosan during fast pyrolysis increased from 3 wt % for
untreated poplar to 17.1 wt % for demineralized poplar.
Bennett, et al. (2009) examined the potential to produce levoglucosan from bio-oil
without biomass demineralization or hydrolysis to remove hemicellulose. Rather, the
water to raw bio-oil ratio was varied to determine an optimum level for the water
fractionation method to produce the highest concentration of levoglucosan in the bio-oil
aqueous fraction. For the optimum water addition treatment of 41 wt %, at 34 oC, with an
extraction time of 22 minutes, the yield of levoglucosan was 7.8% of total raw bio-oil
weight and concentration was 87 g/L. This aqueous fraction was then hydrolyzed to
glucose at various acid concentrations, hydrolysis temperatures and reaction times. The
maximum glucose yield was obtained for a reaction time of 44 min at 124 oC hydrolyzed
with 0.5 M sulfuric acid. Based on the original levoglucosan weight the yield of glucose
was 216% following the hydrolysis step. Measured in g/L of glucose produced these
researchers obtained 16 g/L. While this study focused on the optimum water addition for
bio-oil fractionation to produce highest concentration of levoglucosan, the results did not
provide information on optimum water addition to obtain maximum levoglucosan yields.
Futher, the study was based on analysis of bio-oil produced from a feedstock not
subjected to a method to increase levoglucosan yield such as mild acid pretreatment.
Currently, there is no information available on the optimal method to extract the
highest yields of levoglucosan into aqueous fraction following application of a
levoglucosan maximization treatment. I hypothesized that a higher water-to-bio-oil ratio
may be required to extract bio-oils with higher levoglucosan concentrations because a
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higher water-to-bio-oil ratio could promote the mass transfer of levoglucosan from biooils into the aqueous fractions. The objective of this research was to investigate the
optimal conditions to extract the maximum amount of levoglucosan from bio-oil,
produced from fast pyrolysis of pretreated loblolly pine wood, into the aqueous phase via
water addition method.
Materials and Methods
Materials
Pyrolysis feedstock for this study was plantation grown ten-year old loblolly
pinewood harvested from the Starr Memorial Forest of the Forest and Wildlife Research
Center, Mississippi State University, Starkville, MS. The trees were randomly selected
from the plantation. The tree stems were debarked and the clear wood was reduced to
paper chip size (20-35 mm). The wood chips were then ground in a Bauer mill (Bauer
Brothers Co) and sieved (Universal Vibrating Screen) to a particle size of 1-3 mm. The
ground pinewood particles were air-dried for 1-2 weeks to 8-10 wt % moisture content.
The air-dried wood samples were stored in sealed plastic containers for future
pretreatment and pyrolysis.
Biomass Pretreatment
Pinewood particles were pretreated with 0.1% phosphoric acid solution. The
pinewood samples were immersed in an aqueous solution of 0.1% phosphoric acid
(sample/solution weight ratio = 1: 10) and heated at 100oC for 1 h in a water bath.
Following phosphoric acid pretreatment, pine wood samples were washed with distilled
water in a 0.43 m (length) × 0.25 m (width) × 0.20 m (height) rectangular stainless steel
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basket with 0.53 mm mesh openings (30 mesh × 0.3 mm woven) until reaching neutral
pHand then were dried to below3 wt % moisture content. After drying, the pretreated
feedstock was stored in sealed plastic containers for future pyrolysis.
Fast Pyrolysis in an Auger Reactor
A 7 kg/h auger-fed pyrolysis reactor, described previously(Pittman et al. 2012),
produced the required bio-oil. Pyrolysis of the 3 wt % moisture content pinewood
occurred in a reactor tube and the pyrolysis vapor moved through a condenser train where
it was condensed to bio-oil. Nitrogen was supplied continuously to the reactor heated
zone as an inert gas to exclude all oxygen from the pyrolysis reactor. The temperature of
the initially formed vapor was about 30 oC below the set pyrolysis temperature (450 oC).
The pyrolysis vapor exited the heated reactor tube into a water-cooled first condenser
where its temperature dropped to about 75-80oC. A second condenser lowered the
temperature to 25-35 oC and aerosol (fog-like) liquid/vapor continued into the third and
the fourth condensers, which both maintained almost the same temperature as the second
condenser (25-35 oC). The non-condensable gases produced in this process were
collected from the exit of the fourth condenser by using a gas sampler (GAV-200 MK 2
gas sampler kit, SGE Analytical Science) and were analyzed by GC coupled with a
Thermal Conductivity Detector (TCD). Liquid condensate was collected from all four
condensers and combined to be analyzed as a whole bio-oil sample. Char was collected in
a sealed vessel at the end of the reactor tube and weighed. The non-condensable gases
passed through a Ritter gas flow meter to measure the volume and flow rate. All these
measurements enabled the calculation of pyrolysis yields and a relatively good mass
balance closure of 92.1 % shown in Table 4.1. A minimum run time of 30 minutes was
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performed for each feedstock to ensure an accurate mass balance calculation and also to
obtain sufficient bio-oil for various analyses.
Table 4.1

Mass balance closure for fast pyrolysis of pretreated pinewood.
Pretreated
pinewood

Parameters
Reactor Temperature (oC)
Feedstock moisture content
(mf wt%)
Yields (mf wt%)
Bio-oil
Char
Gas
Closure (%)

450
3.0
57.6
23.5
11.0
92.1

Bio-oil Characterization
Bio-oil water content was measured by Karl Fisher titration according to ASTM
standard E203 with a Cole-Parmer Model C-25800-10titration apparatus (Thermo Fisher
Scientific Inc, Waltham, MA).Kinematic viscosity at 40 oC of bio-oils was measured
according to ASTM standard D445. Density of bio-oils was calculated according to
ASTM standard D4052.pH value of bio-oils was measured with an expanded ion
analyzer EA 920. The total acid number (TAN) of bio-oils was determined by titrating
the 1gm of bio-oil sample (dissolved in 35/65 vol/vol isopropanol and water mixture)
with 0.05 N NaOH to pH = 8.5 as the end point. Higher heating value (HHV) was
determined using a Parr 6200 oxygen bomb calorimeter (Parr Instrument Co., Moline,
IL).
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Carbon, hydrogen, nitrogen content and oxygen (by subtraction) were measured
with a CE-440 Elemental Analyzer (Exeter Analytical, North Chelmsford, MA). For the
elemental analysis, about 1-3 mg samples were weighed into a tin capsule by using an
ultra microbalance (Sartorius, Data Weighing Systems, Inc., Elk Grove, IL). The tin
capsule was sealed immediately with an Exeter Analytical Capsule Sealer and placed
inside a nickel sleeve for sample injection. Static combustion was conducted at 960 oC in
pure oxygen, and the sample was reduced at 700 oC. Helium was used to carry the
combustion products through the analytical system and also for purging the instrument. A
calibration verification standard was injected after every ten sample runs to ensure quality
control. Oxygen content was calculated by subtraction. The bio-oil characteristics
resulting from the various analyses were given in Table 4.2.

Table 4.2

Characteristics of the bio-oil produced from fast pyrolysis of dilute acid
pretreated loblolly pine wood.
Bio-oil characteristics
Water content, wt %
Viscosity @ 40 °C, cSt
Density, g/mL
pH
Total acid number (TAN), mg KOH/g
Higher heating value (HHV), MJ/kg
Carbon, wt %
Hydrogen, wt %
Nitrogen, wt %
Oxygen, wt %
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Value
24.16
16.93
1.22
2.32
85.26
16.89
41.10
7.56
0.10
51.24

Levoglucosan Extraction from Bio-oil
Effects of water to bio-oil ratio on the bio-oil fractionation components
The interest of this study was to investigate the optimal water addition to extract a
maximum amount of levoglucosan from the bio-oil into the aqueous phase. Preliminary
experiments were performed by adding different ratios of water to bio-oil to accomplish
fractionation of the bio-oil into pyroligneous and aqueous fractions. The water to bio-oil
weight ratios investigated are listed in Table 4.3 with water addition ratios ranging from
0.25 to 4.50.

Table 4.3

Water to bio-oil weight ratios applied for investigation.

Added
Ratio
Total water (expressed as
water (g)
(water to bio-oil)
wt % of the original bio-oil)
1
10.00
2.52
0.25
49.36
2
10.00
4.99
0.50
74.05
3
10.00
7.53
0.75
99.43
4
10.02
9.99
1.00
123.82
5
9.97
12.57
1.25
150.21
6
10.01
15.01
1.50
174.20
7
10.00
17.89
1.75
203.11
8
10.00
20.87
2.00
232.88
9
10.01
25.07
2.50
274.50
10
10.11
35.54
3.50
375.56
11
10.03
45.00
4.50
473.04
Note: The original water content of the study bio-oil was 24.16 wt %. Therefore, water
was expressed aswt % of the bio-oil organic fraction.
Sample No. Bio-oil (g)

Bio-oil samples of 10 g were weighed into eleven labeled 125 ml Erlenmeyer
flasks. Weights were as given in Table 4.3 with some variance from 10 g due to
measurement difficulties caused by bio-oil viscosity in which one drop, more or less,
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resulted in departure from the 10 g target weight. Different amounts of distilled water
were added into the Erlenmeyer flasks to create the water-to-bio-oil ratios as listed in
Table 4.3. The Erlenmeyer flasks were placed in a water bath shaker (Reciprocal Shaking
Bath Model 50, Precision) to mix water and bio-oil for 20 minutes. The temperature was
set at 25 oC and the shaking speed was 120 rounds per minute. Upon extraction, the
mixture was immediately transferred into 50 ml disposable centrifuge tubes and
centrifuged for 4 hours at 4000 g to separate the aqueous and pyroligneous fractions
(AccuSpin 3R, Fisher Scientific). After separation, the aqueous fraction was decanted and
the weight and volume were measured and recorded. The concentration of levoglucosan
in the aqueous fraction was analyzed with an Agilent 1200 Series High Performance
Liquid Chromatography (HPLC, Agilent) with a BioRad Aminex HPX-89P column
equipped with guard column and refractive index detector. The column and detector were
operated at 80 oC and 40 oC, respectively. The flow rate of the mobile phase (HPLC
grade water, 0.2 µm filtered and degassed) was held constant at 0.6 ml/minute and the
injection sample was 10 µL. Calibration curves were prepared using sugar standards with
concentrations ranging from 0.2mg/ml to 10.0 mg/ml. The original water content of the
study bio-oil was 24.16 wt %. Therefore, in Table 4.3 total water was expressed as wt %
of the original bio-oil.
Effects of Temperature, Time, and Water-to-bio-oil Ratio on the Extraction Yield of
Levoglucosan into the Aqueous Fraction
Based on the preliminary results, two more factors (temperature and time) were
included in the extraction experiments in an attempt to improve the extraction yield of
levoglucosan from the bio-oil. The Box Behnken Design (NIST/SEMATECH 2012) is a
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response surface design that was utilized to determine the direct and interactive effects of
the three parameters (water-to-bio-oil ratio, temperature, and time) on the extraction yield
of levoglucosan from the bio-oil. Parameter levels are listed in Table 4.4.

Table 4.4
Level
Low
Middle
High

Parameter levels for the Box Behnken Design experiments.
Ratio (water to bio-oil)
0.5
1
1.5

Temperature (°C)
25
45
65

Time (min)
20
40
60

The experimental design is based on the following Box Behnken Design model:
Y=β0+β1X1+β2X2+β3X3+β12X1X2+β13X1X3+β23X2X3+β11X12+β22X22+β33X32
Where Y = levoglucosan yield (wt% of bio-oil);
X1= water to bio-oil ratio;
X2=temperature (oC);
X3= time (min).
A total of 33=27 experiments were required if every combination of the
parameters was used. The Box Behnken Design was applied to reduce the experimental
size to 15 experiments, without losing the power of developing a valid predictive model
by covering enough data points. The combination of parameters for the extraction
experiments is listed in Table 4.5.
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Table 4.5

Combination of parameters for the Box Behnken Design extraction
experiments.

Treatment No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Temperature applied Time of application
Ratio(water to bio-oil)
(oC)
(min)
45
20
1.5
25
60
1
45
40
1
65
40
0.5
45
40
1
25
20
1
45
20
0.5
25
40
0.5
65
20
1
45
60
0.5
45
60
1.5
65
60
1
65
40
1.5
45
40
1
25
40
1.5

All the experiments were performed in the same water bath shaker (Reciprocal
Shaking Bath Model 50, Precision) as described earlier with the shaking speed of 120
rounds per minute. After extraction, the mixture was centrifuged and the aqueous fraction
was decanted as described before. The yields of levoglucosan in the aqueous fraction
were determined via Agilent 1200 Series High Performance Liquid Chromatography
(HPLC, Agilent) with the same method as described above.
Statistical Analysis
JMP IN (version 10.0) software (SAS Institute Inc., Cary, NC) was applied for the
analysis of response-surface factorial designed experiment. Response surface design is a
type of experimental design which allows finding the optimal condition within a specified
range of parameters. Box Behnken Design is one type of the most widely used response
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surface design (NIST/SEMATECH 2012). JMP IN software has built-in experimental
design and data analysis functions for the Box Behnken Design. It is a powerful tool for
parameter optimization.
Results and Discussion
Effects of Water to Bio-oil Ratio on the Bio-oil Fractionation
As mentioned above, the interest of this study was to capture a maximum amount
of the levoglucosan present in the study bio-oil into the aqueous fraction. Theoretically,
larger water addition ratio would be beneficial for levoglucosan extraction because of the
mass transfer equilibrium theory. However, this phenomenon has not been scientifically
proved yet. This study will contribute to understand the effects of water to bio-oil ratio on
the bio-oil fractionation components. The influence of water-to-bio-oil ratio on the yields
of aqueous and pyroligneous fractions is illustrated in Figures 4.1 and 4.2, respectively.
Figure 4.1 shows that the total mass percentage transferred into the aqueous
fraction based on the total bio-oil weight (the yield of aqueous fraction) increased at an
increasing rate with the increasing water addition ratio after reaching a water-to-bio-oil
ratio of above 2.5. Correspondingly, Figure 4.2 shows that the total mass percentage left
in the pyroligneous fraction based on the total bio-oil weight (the yield of pyroligneous
fraction) decreased at an increasing rate with increasing water addition ratio after
reaching a water-to-bio-oil ratio of above 2.5. These phenomenons agreed with the mass
transfer equilibrium theory in which more solvent is beneficial for reaching maximum
mass transfer. It is clear that a critical mass of water must be added to the bio-oil in order
to capture more polar compounds into the aqueous fraction.
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Figure 4.1

Effect of water-to-bio-oil ratio on the yield of aqueous fraction.

Figure 4.3 shows the influence of water-to-bio-oil ratio on the density of obtained
aqueous fraction. It is shown that the density of the aqueous fraction decreased at a
decreasing rate with the increasing water addition ratio. As the water-to-bio-oil-ratio was
higher than 2, the density of the obtained aqueous fraction was almost equal to the
density of water (1.0 g/mL). This is easily explained by the dilution effect caused by the
large water addition.
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Figure 4.2

Effect of water-to-bio-oil ratio on the yield of pyroligneous fraction.

Figure 4.3

Effect of water-to-bio-oil ratio on the density of aqueous fraction.

Figure 4.4 shows the influence of water-to-bio-oil ratio on the levoglucosan yield
expressed in wt % of the bio-oil. It is shown that the maximum levoglucosan yield was
reached at the range of 0.5 to 1.5 of water to bio-oil ratio. At a water-to-bio-oil-ratio
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higher than 2.5, the levoglucosan yield remained almost constant although the total mass
transferred into the aqueous fraction increased as shown in Figure 4.1. This might be
because, instead of levoglucosan, other polar compounds present in the study bio-oil such
as organic acids, furans and aldehydes, started to transfer into the aqueous fraction with
the increasing water addition ratio. Therefore, the range of the water to bio-oil ratio of 0.5
to 1.5 was selected for the following Box Behnken Design experiments to determine the
optimal condition for maximum levoglucosan yield in the aqueous fraction.

Figure 4.4

Effect of water-to-bio-oil ratio on the yield of levoglucosan.

Optimal Condition for Maximum Extraction Yield of Levoglucosan into the
Aqueous Fraction
In an attempt to further improve the extraction yield of levoglucosan from the biooil based on the preliminary results, two more factors (temperature and time) were
included in the Box Behnken Design extraction experiments. Parameter combinations
and levoglucosan yields are listed in Table 4.6. These 15 data points were input into the
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JMP IN software for regression analysis, providing a correlation coefficient of 0.95 as
shown in Figure 4.5. The regression analysis resulted in a P value of 0.0318, which
means that the regression was significant at the 0.05 significance level.

Table 4.6

Parameter combinations and levoglucosan yields (wt %) for the Box
Behnken Design extraction experiments.

Treatment No. Temperature (oC)
1
45
2
25
3
45
4
65
5
45
6
25
7
45
8
25
9
65
10
45
11
45
12
65
13
65
14
45
15
25

Time (min) Ratio (water to bio-oil) LG (wt %)
20
1.5
9.86
60
1
10.62
40
1
11.43
40
0.5
10.19
40
1
11.94
20
1
12.44
20
0.5
9.86
40
0.5
9.29
20
1
11.86
60
0.5
9.88
60
1.5
10.68
60
1
11.33
40
1.5
10.08
40
1
11.25
40
1.5
11.09
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12
12

LG wt% Actual

11
11
10
10
9.5
9

9

9.5

10

10.5

11

11.5

12

1

LG wt% Predicted P=0.0318
RSq=0.95 RMSE=0.3854

Figure 4.5

Relationship between actual and predicted levoglucosan yield extracted
into the aqueous fraction as predicted by regression analysis.

The R2 value was 0.95 for this regression. The significance of the regression was p =
0.0318 indicating significance.

Mathematical regression model determined by JMP IN software is shown as
Equation 4.1. Only terms determined as statistically significant (at p = 0.05) were
included in the prediction equation for the levoglucosan yield.
Y=11.54 + 0.57X1 – 1.18X12

Equation 4.1

Where: Y = levoglucosan yield (wt% of bio-oil);
X1= water to bio-oil ratio.
Over the ranges examined for temperature (25 to 65 oC) and time (20 to 60 min),
both temperature and time had no significant effect on the levoglucosan yield. That’s why
these two parameters weren’t included in the prediction equation. The equation estimated
by the JMP IN software contains a negative X12 term, indicating a curvilinear relationship
which increases at a decreasing rate. A plot of the estimated curvilinear relationship is
shown as Figure 4.6, based on plotting the levoglucosan yields with the range of the
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tested experiments (9 to 12.5 wt %). The optimal condition for levoglucosan extraction
(solved mathematically by JMP IN software) was 1.3 : 1 (water-to-bio-oil ratio), 25 oC,
and 20 min, with a levoglucosan yield of 12.7 wt %.

Figure 4.6

Estimated curvilinear relationship between levoglucosan yield and water to
bio-oil ratio.

Summary
As mentioned above, the interest of this study was to capture a maximum amount
of the levoglucosan present in the study bio-oil into the aqueous fraction. It was found
that the yield of aqueous fraction increased at an increasing rate with the increasing water
addition ratio. Correspondingly, the yield of pyroligneous fraction decreased at an
increasing rate with the increasing water addition ratio. These phenomenons agreed with
the mass transfer equilibrium theory in which more solvent is beneficial for reaching
maximum mass transfer. It was also found that the density of aqueous fraction decreased
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at a decreasing rate with the increasing water addition ratio. As the water-to-bio-oil-ratio
was higher than 2.5, the density of the obtained aqueous fraction was almost equal to the
density of water (1.0 g/mL).In an attempt to improve the extraction yield of levoglucosan
from the bio-oil, two more factors (temperature and time) were included in addition to
water addition ratio in the Box Behnken Design extraction experiments. Over the ranges
examined for temperature (25 to 65 oC) and time (20 to 60 min), both temperature and
time had no significant effect on the levoglucosan yield. The estimated regression
equation contained only the water to bio-oil ratios. The regression values for the tested
water to bio-oil ratio range were plotted as a curvilinear relationship that increased at a
decreasing rate. The regression equation was given and the optimal condition for
levoglucosan extraction (solved mathematically by JMP IN software) was 1.3 : 1 (waterto-bio-oil ratio), 25 oC, and 20 min, giving a levoglucosan yield of 12.7 wt %.
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CHAPTER V
PYROLYTIC SPRAY INCREASES LEVOGLUCOSAN PRODUCTION DURING
FAST PYROLYSIS

Abstract
Levoglucosan is the major anhydrosugar component of bio-oil produced by fast
pyrolysis. Previous research has shown that levoglucosan yield can be greatly increased if
a mild acid pretreatment is applied to demineralize the feedstock prior to pyrolysis. The
interest in levoglucosan production is that it provides a route to production of monomeric
sugars, primarily glucose, which can be utilized to produce biochemically derived fuels
(ethanol, butanol, etc). This study developed a new method based on pyrolysis of clear
pinewood particles with acid pretreatment and modification of the pyrolysis process. This
new method resulted in a significant 30.7 wt % increase in levoglucosan concentration in
the bio-oil organic portion. The results indicated that this method successfully suppressed
the levoglucosan decomposition during fast pyrolysis. This increase may change the
process economics of production of anhydrosugars via pyrolysis.
Introduction
Levoglucosan (1, 6-anhydro-β-D-glucopyranose) is a product of cellulose
pyrolysis. When cellulose is heated to over 300°C, it undergoes various pyrolytic
processes to produce as a major component in the resultant bio-oil - an anhydrosugar
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known as levoglucosan (Scott et al. 1995). Levoglucosenone, in addition to levoglucosan,
and other various anhydrosugars are produced in lesser but in additively significant
quantities. Whole pyrolysis oil contains approximately 3% of levoglucosan when
untreated wood biomass is pyrolyzed (Scott and Piskorz 1989). Researchers have
extensively investigated the mechanisms underlying levoglucosan formation during
pyrolysis but a full understanding of the formation, intermediate reactions and
degradation remains unknown. There are, however, empirical studies that have been
performed demonstrating methods to increase anhydrosugars yield in bio-oil.
An economic analysis of three lignocellulose-to-ethanol conversion technologies:
fast pyrolysis integrated with a fermentation step, simultaneous saccharification and
fermentation (SSF), dilute sulfuric acid hydrolysis and fermentation was conducted in
1999 (So and Brown 1999). The estimated production cost of ethanol was $1.57, $1.28,
and $1.35 per gallon for fast pyrolysis, SSF, and acid hydrolysis, respectively. An ethanol
production yield of 360 liters per ton feedstock (DM) was estimated for the fast pyrolysis
route. This study concluded that fast pyrolysis integrated with a fermentation step is
comparable with the other two processes and suggested that it should be considered for
further development(So and Brown 1999).
Shafizadeh analyzed the production of levoglucosan from various cellulose types
and cottonwood wood fiber (Shafizadeh 1980). At 400-450 oC, the range of yields of
anhydrosugars, as a percentage of feedstock weight, from four pure commercial woodbased cellulose types was 42 to 56%. Yields of levoglucosan from wood, as opposed to
pure cellulose, are known to be lower and Shafizadeh’s results confirmed this with yields
of levoglucosan plus anhydrosugars of 3% for untreated cottonwood fiber and 9% for
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H2SO4 acid-treated cottonwood fiber. Complete removal of hemicellulose to produce a
pure lignocellulose was performed by Shafizadeh and resulted in a 37% yield of
levoglucosan plus anhydrosugars (Shafizadeh 1980).
Piskorz et al. (1989) studied fluidized bed fast pyrolysis of poplar wood and a
number of types of cellulose produced by different processes. Levoglucosan and
anhydrosugars were quantified in the resultant bio-oil with a yield of 43.5% of these
compounds for untreated cellulose and a somewhat higher 53.1% yield for cellulose with
mild acid treatment.
Bennett et al. examined the potential to produce high levoglucosan concentration
from bio-oil without biomass demineralization or hydrolysis to remove hemicellulose
(2009). Rather, the water to raw bio-oil ratio was varied to determine an optimum level
for the water fractionation method. The maximum levoglucosan concentration was 87 g/L
in the bio-oil aqueous fraction for water addition of 41% at a levoglucosan yield of 7.8%
of the total raw bio-oil weight.
Johnson et al. (2009) investigated the possibility of improving the pyrolysis
selectivity of cellulose toward the formation of anhydrosugars and furanics by hot water
pretreatment. Wheat straw and α-cellulose were used as feedstocks treated by hot water
at 150-260 oC. Pyrolysis experiments were performed via Py-GC/MS. The results showed
that the hemicellulose and amorphous cellulose started to be solubilized as the
temperature increased during hot water pretreatment. It was found that the relative area of
the levoglucosan peak in the Py-GC/MS results increased as the pretreatment temperature
increased. It was concluded that the production of anhydrosugars and furanics via fast
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pyrolysis could be enhanced by hot water pretreatment at temperatures between 220 and
260 oC.
Dobele and Scott have reported that phosphoric acid pretreatment prior to fast
pyrolysis of cellulose can significantly increase the concentration of levoglucosan based
on pyrolysis-gas chromatography (Py-GC) analysis (Dobele et al. 2003; Scott et al.
2001). However, the effect of pretreatment on levoglucosan production increase was only
reported from a Py-GC study but not for bio-oil produced by a fast pyrolysis bench-scale
reactor followed by chemical analysis of the bio-oil product.
The results reviewed above show that mild acid or hot water pretreatments of
cellulose or lignocellulosic biomass, washing the biomass with distilled water, drying to a
moisture content suitable for pyrolysis and application of fast pyrolysis have produced
elevated yields of anhydrosugars in bio-oil compared to yields of untreated biomass. The
objective of this research was to develop a method to increase anhydrosugar production
during fast pyrolysis above that obtained by acid pretreatment alone. A patent has been
issued based on the technology described in this study (Steele et al. 2011).
Materials and Methods
Materials
Feedstock for pyrolysis was plantation grown ten-year old loblolly pinewood
harvested from the Starr Memorial Forest of the Forest and Wildlife Research Center,
Mississippi State University, Starkville, MS. The tree stems, randomly sampled from a
plantation, were debarked and reduced to paper chip size (20-35 mm). The wood chips
were then ground in a Bauer mill (Bauer Brothers Co) and sieved (Universal Vibrating
Screen) to a particle size of 1-3 mm. The ground pinewood particles were air-dried for 1107

2 weeks to 8-10 wt % moisture content. The air-dried wood samples were stored in sealed
plastic containers for future pretreatment and pyrolysis.
Pretreatment
Pinewood particles were pretreated with 0.1 % phosphoric acid solution. The
pinewood samples were immersed in an aqueous solution of 0.1% phosphoric acid
(sample/solution weight ratio = 1: 10) and heated at 100oC for 1 h in a water bath.
Following phosphoric acid pretreatment, pinewood samples were washed with distilled
water in a 0.43 m (length) × 0.25 m (width) × 0.20 m (height) rectangular stainless steel
basket with 0.53 mm mesh openings (30 mesh × 0.3 mm woven) until reaching neutral
pH and then were oven dried at 105 oC to below3 wt % moisture content. After drying,
the pretreated feedstock was stored in sealed plastic containers for future pyrolysis.
Fast Pyrolysis with Water Spray in an Auger Reactor
A 7 kg/h auger-fed pyrolysis reactor, described previously (Pittman et al. 2012),
produced the required bio-oils. All feedstocks were dried in an oven at 100 oC to below 3
wt % moisture content prior to fast pyrolysis. Pyrolysis occurred in a reactor tube and the
pyrolysis vapor moved through it into a condenser train where it was condensed to biooil. Nitrogen was utilized to exclude oxygen from the reactor at the feed hopper. Just
prior to entry into the condensers, an injection nozzle for spraying fine water droplets
injected ambient temperature water (25 oC) into the hot pyrolytic vapor stream. The
initially formed vapor temperature was about 30 oC below the set pyrolysis temperature
(450 oC). As a result of exposure to the water spray, the initial pyrolysis vapor was
quenched rapidly and cooled to below 300oC. The quenched pyrolysis vapor exited the
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reactor into a water-cooled first condenser where its temperature dropped to about 7580oC. A second condenser lowered the temperature to 25-35 oC and aerosol (fog-like)
water continued into the third and fourth condenser, which both maintained almost the
same temperature as the second condenser (25-35 oC).

Figure 5.1

Schematic of the pyrolysis reactor and injection device.

1 – Pyrolyzer 2 – Heated pipe 3 – Condenser 1 4 – Condenser 2 5 – Condenser 3
6 – Condenser 4 7 – Spray nozzle 8 – Internal view of 3 spray nozzles
9 – Bio-oil outlet 10 – Vacuum pump 11 – Non-condensable gases
The non-condensable gases produced in this process were collected in a gas bag
for each replication by a gas sampler (GAV-200 MK 2 gas sampler kit, SGE Analytical
Science) and analyzed by gas chromatography. Liquid condensate was collected from all
four condensers and combined to be analyzed as a whole bio-oil sample. Char was
collected into a sealed vessel at the end of the reactor tube and weighed. The non109

condensable gases passed through a Ritter gas flow meter to measure the volume and
flow rate. All these measurements enabled the calculation of pyrolysis yields and a close
mass balance closure. Each treatment was performed three times to ensure an accurate
mass balance calculation. Figure 5.1showsthe schematic of the pyrolysis reactor, the
cross pipe for passage of the pyrolysis vapors to the reactor and the injection device
location. The injection point of the cross pipe is shown in its location just prior to entry of
the pyrolysis vapors into the condenser train.
The experimental treatments applied in this study are given in Table 5.1: pine
biomass untreated with acid and without spray applied (UN), pine treated with acid
without spray (PN), pine treated with acid and with spray applied (PS) and pine untreated
with acid and with spray applied (US). Water spray rate applied for the control and spray
treatments are also given in Table 5.1. Each treatment was replicated three times.
Table 5.1

Treatments, biomass and spray volumes applied.

Treatment
no.
UN
PN
US
PS

Spray rate Nitrogen flow rate
(ml/min)
(scfm)
Untreated pinewood No spray
0
0.2
Pretreated pinewood No spray
0
0.2
Untreated pinewood
Spray
8
0.2
Pretreated pinewood
Spray
8
0.2
Feedstock

Spray

Composition Analysis of Non-condensable Gases
A Varian CP-4900 Micro Gas Chromatograph equipped with a thermal
conductivity detector analyzed the chemical composition of the non-condensable gas
samples collected during fast pyrolysis. Four independent GC channels were available on
the Varian CP-4900 Micro Gas Chromatograph system. Channel No.1, with a 10 meter
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MS5A GC column, was utilized to analyze hydrogen, nitrogen, methane, and carbon
monoxide concentration. Channel No.2, with a 10 meter PPQ GC column, was utilized to
test the concentration of carbon dioxide and ethane. The GC conditions used in this study
are provided in Table 5.2.
Table 5.2

GC conditions applied for the analysis of non-condensable pyrolysis gases
exiting the pyrolysis reactor.

Channel No.

Injector Temperature
(oC)

No. 1
No. 2

50
110

Column
Pressure
(psi)
20
20

Column
Temperature
(oC)
80
60

Sample
Time
(s)
60
60

Injection
Time
(ms)
40
40

Bio-oil Characterization
Water Content
Percent water was measured by Karl Fisher titration with a Cole-Parmer Model C25800-10titration apparatus(Thermo Fisher Scientific Inc, Waltham, MA).
Gas Chromatography/Mass Spectrometry (GC/MS)
The volatile and semi-volatile components of each bio-oil sample were analyzed
utilizing a Hewlett Packard 5890 series II Gas chromatograph equipped with a Hewlett
Packard 5971 series mass spectrometer. The injector temperature was 270 oC. A 30 m
×0.32 mm internal diameter ×0.25 µm film thickness silica capillary column coated with
5% phenylmethylpolysiloxane was used at an initial 40 oC (4 min hold) followed by
heating at 5 oC/min to a final temperature of 280 oC and held for 15 min. The mass
spectrometer employed a 70eV electron impact ionization mode, a source (detector)
temperature of 250 oC and an interface temperature of 270 oC. The method for the
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quantitative calibration of a list of target compounds was compiled from previously
published literature (Ingram et al. 2008). A commercial calibration internal standard (US108N, Ultra Scientific) with a mixture of six isotopically labeled compounds comprised
an internal standard for calibration.
Statistical Analysis
Analysis of variance (ANOVA) was performed by SAS software version 9.2. The
interaction model for a two-factor completely randomized design is given in Model 5.1.
The model is comprised of two factors with two levels each: pretreatment level (untreated
or treated) and spray treatment (with or without spray). Fisher’s least significant
difference (LSD) method was utilized to determine the significance of the ANOVA
before the comparison of means test. All tests of significance in this study were
performed at the 0.05 level. Each treatment combination (2 by 2) was performed three
times.
Yijk = µ + αi + βj + (αβ)ij + εijk

Model5.1

Where: Yijk represent dependent variable of bio-oil properties: yield, water content,
levoglucosan, acetic acid, and furfural concentration based on bio-oil organic
portion;
µ is the overall mean;
αi represents the influence of pretreatment level (untreated or pretreated);
βj represents the influence of spray level (with or without spray);
(αβ)ij represents the interaction influence between pretreatment factor and spray
factor; εijk is the random error term.
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Results and Discussion
Pyrolysis Mass Balance and Yields of Char, Bio-oil, and Non-condensable Gas
Table 5.3 shows the test results for bio-oil, char, and gas yields for the four
treatments. The Model 5.1 two-term interaction variables for bio-oil, char, and gas yields
were found to be insignificant. For both bio-oil and char yields, both main factors
(pretreatment and spray) were found to be insignificant. Among these four treatments,
pretreated pinewood with spray produced a bio-oil yield of 59.4 mf wt % (moisture free
weight percentage) while untreated pinewood with spray gave a bio-oil yield of 55.6 mf
wt %. For the other two treatments, bio-oil yields were 58.0 mf wt % for untreated
pinewood without spray and 57.6 mf wt % for pretreated pinewood without spray.
Among the four treatments, pyrolysis char yields did not differ significantly and ranged
from 23.5 mf wt % to 26.1 mf wt %. In terms of gas yields, pretreated pinewood with
spray produced the significantly highest gas yield of 12.6 mf wt %. For the rest of the
treatments, gas yields did not differ significantly with 10.4 mf wt % for untreated
pinewood without spray, 11.0 mf wt % for pretreated pinewood without spray, and 10.9
mf wt % for untreated pinewood with spray. For all four treatments, mass balance closure
was very persuading at higher than 92%.
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Table 5.3

Percentage yields of bio-oil, char, and non-condensable gases based on
feedstock weight.

Treatment No.

Biomass
Biomass
untreated; pretreated;
no spray
no spray
(UN)
(PN)
450
450

Biomass
untreated;
spray
(US)
450

Biomass
pretreated;
spray
(PS)
450

Reactor Temperature (oC)
Feedstock moisture content
3.0
3.0
1.9
2.8
(mf wt%)
Yields (mf wt%)
Bio-oil1
58.0
57.6
55.6
59.4
Char
25.0
23.5
26.1
25.8
Gas
10.4
11 b
10.9
12.6
Closure (%)
93.4
92.1
92.6
97.8
1
The water added by spraying was excluded when calculating the whole bio-oil yield.

Gas Chromatography Analysis of Non-condensable Gas
Table 5.4 shows the test results for non-condensable gas composition for the four
study treatments. In this study, six gases were quantified and measured for each
treatment. They were hydrogen, nitrogen, methane, carbon monoxide, carbon dioxide,
and ethane. The undetected gases were listed as unknown gases in Table 5.4, with the
percentage calculated by subtraction. Hydrogen was not detected in the non-condensable
gases for any of the four treatments. From Table 5.4, untreated pinewood without spray
gave the significantly highest concentrations of methane, carbon monoxide, and carbon
dioxide (2.2 mole %, 21.8 mole %, and 25.5 mole %, respectively), followed by untreated
pinewood with spray with 1.5 mole % of methane, 16.3 mole % of carbon monoxide and
19.3 mole % of carbon dioxide. Both treatments of pretreated pinewood with spray and
pretreated pinewood without spray had the significantly lowest concentrations of
methane, carbon monoxide, and carbon dioxide (1.0 mole % of methane, 8.2 mole % of
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CO and 9.2 mole % of CO2 for pretreated pinewood with spray; 0.6 mole % of methane,
8.2 mole % of CO and 9.2 mole % of CO2 for pretreated pinewood without spray).
Untreated pinewood without spray gave the significantly highest ethane concentration of
0.22 mole %. The difference among the rest of the treatments was not significant in terms
of ethane concentration.
Table 5.4

Non-condensable gas composition for the four treatments.

Gas components in molepercentage (%)
H2
N21
CH4
CO
CO2
C2H6
Unknown2
UN
0
37.5
2.2
21.8
25.5
0.22
12.78
PN
0
64.6
0.6
8.7
9.2
0.06
16.84
US
0
51.6
1.5
16.3
19.3
0.11
11.19
PS
0
65.0
1.0
8.7
9.2
0.08
16.02
1
High percentage of nitrogen was due to the initial purging of nitrogen into the pyrolysis
reactor system prior to each run.
2
The percentage of unknown gases was calculated by subtraction.
Treatments

These results showed that the concentration of carbon monoxide and carbon
dioxide from the two acid pretreated gases had identical values (8.7 mole % for carbon
monoxide and 9.2 mole % for carbon dioxide) and were significantly lower than those for
the acid untreated treatments (21.8 mole % and 25.5 mole % for non-sprayed; 16.3 mole
% and 19.3 mole % for sprayed). Significantly lower concentrations of methane for the
acid pretreated treatments were also shown in Table 5.4. These results indicate that acid
pretreatment significantly reduced the formation of carbon monoxide, carbon dioxide,
and methane during fast pyrolysis. Reduced pyrolysis gas formation may have resulted
because acid pretreatment removes minerals from biomass which serve as catalysts for
more complete carbohydrate thermal degradation into low molecular weight species
(Pasangulapati et al. 2012; Patwardhan et al. 2010). Table 5.4 shows that relatively high
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nitrogen content was detected in the non-condensable gases ranging from 37.5 to 65.0
mole %. This result was expected due to the fact that nitrogen was utilized to exclude
oxygen from the reactor.
Gas Chromatography/Mass Spectrometry (GC/MS) Analysis of Bio-oils
The volatile and semi-volatile components of the whole bio-oil samples produced
by the four treatments were analyzed and quantitatively determined by GC/MS. Table 5.5
gives the calculated concentrations of 27 bio-oil components as a weight percentage in
whole bio-oil samples. These components are only a fraction of the total bio-oil organic
chemical components. Loblolly pinewood is mainly composed of approximately 55-70%
carbohydrates (cellulose and hemicellulose) and 20-35% lignin. Cellulose is made up of a
long straight chain of D-glucose bonded exclusively through β-1, 4 linkage, while
galactoglucomannans are the most abundant hemicellulose in pinewood (Ingram et al.
2008). Liquid pyrolysis oils are derived from the thermal degradation of the three major
components of wood (cellulose, hemicellulose, and lignin). The degradation products of
carbohydrates mainly include acetic acid, anhydrosugars, furfural and furfural
derivatives, and some other aldehydes and ketones of small molecular weight. The
degradation of lignin results in the formation of a large amount of phenolic compounds,
such as phenol, methyl phenol, methoxyphenol, ethyl phenol, benzoic acid, benzendiol
and so on. According to Table 5.5, the chemical composition of the whole bio-oil
samples produced by the four studied treatments were similar except for the
concentration changes relevant to acetic acid, furfural and levoglucosan.
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Table 5.5

The calculated concentrations of 27 target compounds as a weight
percentage in whole bio-oil samples.
Concentration in whole bio-oil
(%)

Target quantitation results
Compounds

Retention Quantitation
time (s)
ion

UN

Treatment No.1
PN
US

PS

Acetic acid

2.85

43

5.59

4.21

5.01

3.28

Furfural
2-Methyl-2-cyclopenten-1-one
3-Methyl-2-cyclopenten-1-one
Phenol
3-Methyl-1,2-cyclopentanedione
2-Methylphenol
3-Methylphenol

10.03
13.18
15.73
16.34
18.31
19.47
20.33

96
96
96
94
112
108
108

0.10
0.06
0.04
0.06
0.38
0.03
0.06

0.21
0.04
0.03
0.05
0.25
0.03
0.06

0.12
0.05
0.03
0.05
0.34
0.03
0.05

0.25
0.03
0.01
0.04
0.17
0.02
0.05

2-Methoxyphenol

20.92

124

0.45

0.39

0.41

0.30

2,6-Dimethylphenol
2,4-Dimethylphenol
3-Ethylphenol
2,3-Dimethylphenol
1,2-Benzendiol

21.74
23.25
23.90
24.34
24.86

122
122
122
122
110

0.00
0.02
0.01
0.00
0.30

0.00
0.02
0.01
0.00
0.26

0.01
0.02
0.01
0.00
0.29

0.00
0.02
0.01
0.00
0.20

5-(Hydroxymethyl)-2-furaldehyde

26.19

97

0.41

0.64

0.43

0.67

3-Methyl-1,2-benzenediol

27.25

124

0.09

0.10

0.10

0.08

4-Ethyl-2-methoxy-phenol

28.04

137

0.24

0.24

0.21

0.17

4-Methyl-1,2-benzenediol
2,6-Dimethoxyphenol
Eugenol

28.30
30.61
30.78

124
154
164

0.28
0.00
0.18

0.32
0.00
0.18

0.27
0.00
0.16

0.21
0.00
0.11

2-Methoxy-4-propylphenol

31.11

137

0.08

0.07

0.07

0.05

Vanillin

32.25

151

0.33

0.34

0.30

0.31

2-Methoxy-4-(1-propenyl) phenol
(Isoeugenol)

33.95

164

0.73

0.69

0.80

0.46

3,4-Dimethylbenzoic acid
4-Ethyl-1,3-Benzenediol
1,6-Anhydro-β-D glucopyranose
(Levoglucosan)
Oleic Acid

32.28
33.20

150
164

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

36.35

60

4.70

9.70

4.38

10.79

52.45

55

0.69

0.86

0.67

0.60

1

Treatment UN: Biomass untreated without spray; Treatment PN: Biomass pretreated
without spray; Treatment US: Biomass untreated with spray; Treatment PS: Biomass
pretreated with spray.
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Table 5.6

Bio-oil characterization in weight percentage by treatments.

Treatment applied
Biomass untreated;
no spray
Biomass pretreated;
no spray
Biomass untreated;
spray
Biomass pretreated;
spray

Concentrations in weight percentage (wt %)
Levoglucosan in Acetic acid in Furfural in
Water content bio-oil organic bio-oil organic bio-oil organic
portion
portion
portion
28.53

6.58

7.83

0.14

22.21

12.57

5.42

0.27

34.31

6.66

7.63

0.18

34.32

16.43

5.01

0.37

However, these concentrations were calculated in the weight percentages based
on the whole bio-oil samples (containing water). Table 5.6 shows the comparison of
means test results for water content of bio-oils for the four treatments. The Model 5.1
two-term interaction variable for water content was found to be significant. Therefore,
empirical examination of each independent variable is required to elucidate the
interaction cause or causes. Figure 5.2 shows the mean response plot for water content of
all four treatments. Pretreated pinewood without spray produced the bio-oil with the
significantly lowest water content of 22.2 wt %. These results indicate that dilute
phosphoric acid pretreatment significantly decreased the water content in the resultant
bio-oils, which agrees with previous findings (Fahmi et al. 2008; Garcìa-Pérez et al.
2007; Mourant et al. 2011; Shi et al. 2012). It can be seen that both treatments with spray
produced bio-oils with the significantly highest water content (34.3 wt % for untreated
pinewood with spray; 34.3 wt % for pretreated pinewood with spray), followed by
untreated pinewood without spray of 28.5 wt % of water content. This can be explained
by the additional water that was injected for the spray treatments during fast pyrolysis.
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Therefore, the interaction for water content was caused by pretreated pinewood
producing low water content and sprayed bio-oil producing high water content.

Figure 5.2

The mean response plot for bio-oil water content of all four treatments.

It would be inaccurate to compare levoglucosan concentrations in the whole biooil due to the water addition to the treatments with spray. Therefore, levoglucosan
concentrations in the bio-oil organic portion were calculated by excluding sprayed water
from the whole bio-oil. Table 5.6 shows the comparison of means test results for
levoglucosan, acetic acid, and furfural concentrations in the bio-oil organic portions for
the four treatments.
The Model 5.1 two-term interaction variable for levoglucosan concentration was
found to be significant. Therefore, empirical examination of each independent variable is
required to elucidate the interaction cause or causes. Figure 5.3 shows the mean response
plot for levoglucosan concentration of all four treatments. From Figure 5.3, pretreated
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pinewood with spray gave the significantly highest concentrations of levoglucosan in the
bio-oil organic portion (16.43 wt %), followed by pretreated pinewood without spray of
12.57 wt % of levoglucosan. Both treatments of untreated pinewood with spray and
untreated pinewood without spray had the significantly lowest concentrations of
levoglucosan in the bio-oil organic portions (6.58 wt % for untreated pinewood without
spray; 6.66 wt % of levoglucosan for pretreated pinewood without spray). Therefore,
spray treatment was not effective on untreated pinewood in terms of increasing
levoglucosan yield. This might have resulted because untreated pinewood contains high
mineral contents compared to pretreated pinewood and these minerals have been proved
to serve as catalyst during fast pyrolysis causing levoglucosan decomposition.

Figure 5.3

The mean response plot for bio-oil levoglucosan concentration of all four
treatments.

The Model 5.1 two-term interaction variables for acetic and furfural
concentrations were found to be insignificant. In terms of acetic acid concentration in
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bio-oil organic portion, both untreated specimens with and without spray contained
significantly higher amounts than for the pretreated treatments with and without spray
(7.63 wt % and 7.83 wt % for untreated pinewood with and without spray, respectively;
5.01 wt % and 5.42 wt % for pretreated pinewood with and without spray, respectively).
The acetic acid concentration for pinewood regardless of spray treatment (with or
without) did not differ significantly. Likewise, for the treated pinewood the acetic acid
concentration was the same regardless of spray treatment. However, both untreated and
pretreated sprayed and non-sprayed acetic acid concentrations differed significantly.
Therefore, the controlling factor for acetic acid concentration was whether the feedstock
was untreated or pretreated rather than the type of spray treatment.
In terms of furfural concentration in bio-oil organic portion, both untreated
specimens with and without spray contained significantly lower amounts than for the
pretreated treatments with and without spray (0.18 wt % and 0.14 wt % for untreated
pinewood with and without spray, respectively; 0.37 wt % and 0.47 wt % for pretreated
pinewood with and without spray, respectively). The furfural concentration for pinewood
regardless of spray treatment (with or without) did not differ significantly. Likewise, for
the treated pinewood the furfural concentration was the same regardless of spray
treatment. However, both untreated and pretreated sprayed and non-sprayed furfural
concentrations differed significantly. Therefore, the controlling factor for furfural
concentration was whether the feedstock was untreated or pretreated rather than the type
of spray treatment.
These results showed that the concentrations of levoglucosan and furfural in the
acid pretreated treatments were significantly higher than those for the acid untreated
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treatments. In contrast, the concentration of acetic acid in the acid pretreated treatments
was significantly lower than that for the acid untreated treatments. These findings
indicate that application of dilute phosphoric acid pretreatment to remove inorganic
components from the feedstock significantly increased levoglucosan and furfural
concentrations in the resultant bio-oil organic portion while significantly reducing the
acetic acid concentration in the resultant bio-oil organic portion. This appeared to result
from acid pretreatment removal of minerals from biomass which serve as catalysts for
increased degradation of carbohydrates (Mourant et al. 2011; Patwardhan et al. 2010). In
combination with dilute acid pretreatment, addition of water spray to the pyrolysis vapor
significantly increased levoglucosan concentration by 30.7 wt % in the resultant bio-oil
organic portion above the level for feedstock subjected to dilute acid pretreatment alone.
This may have resulted because water spray quenched the pyrolysis vapor and suppressed
the decomposition of levoglucosan into lower molecular weight species in both the vapor
stream and during condensation.
Summary
The device and method described in this study provide a means to increase
anhydrosugars yield produced from pyrolysis of biomass feedstock. This increase is
achieved by injection of a liquid spray into the vapor stream of any pyrolysis reactor type
just prior to the reactor condensers. In combination with dilute acid pretreatment, addition
of water spray to the pyrolysis vapor significantly increased levoglucosan concentration
by 30.7 wt % in the resultant bio-oil organic portion compared to the yield for dilute acid
pretreatment alone. This sugar-rich bio-oil can easily be fractionated into aqueous and
pyroligneous fractions of bio-oil by water addition. The fractionated aqueous fraction
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produced by this method will contain a high percentage of anhydrosugars that may be
utilized to produce fuels or chemicals. As has been demonstrated, the pyroligneous
fraction can be utilized for hydrodeoxygenation to hydrocarbons (Petri and Marker 2009).
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APPENDIX A
THE CALCULATED CONCENTRATIONS OF 32 TARGET COMPOUNDS AS A
WEIGHT PERCENTAGE IN BIO-OIL PRODUCED FROM UNTREATED
LOBLOLLY PINEWOOD
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Compound
Furfural
Furfuryl alcohol
2-Methyl-2-cyclopentenone
2 (5H)-furanone
5-Methylfurfural
3-Methyl-2-cyclopentenone
Phenol
3-methyl-1,2-cyclopentanedione
2-Methylphenol
3-Methylphenol
2-Methoxyphenol (o-Guaiacol)
2,6-Dimethylphenol
2,4-Dimethylphenol
3-Ethylphenol
2,3-Dimethylphenol
Naphthalene
2-Methoxy-4-methylphenol (p-Methylguaiacol)
1,2-benzenediol
3-Methyl-1,2-benzenediol
4-Ethyl-2-methoxy-phenol (4-Ethylguaiacol)
4-methyl-1,2-benzenediol
2,6-dimethoxyphenol
Eugenol
2-Methoxy-4-propylphenol (4-Propylguaiacol)
Vanillin
cis-isoeugenol
3,4-dimethylbenzoic acid
trans-isoeugenol
4-ethylresorcinol
Anhydrosugars
Acetovanillone
Oleic Acid
Total

Measured
Concentration
in Dilution
(ug/ml)

18.51
43.77
15.21
134.57
0.23
14.1
35.45
1.63
20
36.77
118.34
0.05
13.76
1.35
1.7
0.41
175.97
285.11
1.59
44.36
142.74
7.38
37.66
12.97
0.36
24.54
0.66
101.81
0.46
683.23
31.11
71.08
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Calculated
Calculated
Concentration Concentration
in Sample
in Sample
(ug/g)
(wt %)

883.11
2088.26
725.67
6420.32
10.97
672.71
1691.32
77.77
954.20
1754.29
5645.99
2.39
656.49
64.41
81.11
19.56
8395.52
13602.58
75.86
2116.41
6810.11
352.10
1796.76
618.80
17.18
1170.80
31.49
4857.35
21.95
32596.85
1484.26
3391.22

0.0883
0.209
0.0726
0.642
0.00110
0.0673
0.169
0.00778
0.0954
0.175
0.565
0.000
0.0656
0.00644
0.00811
0.00196
0.840
1.36
0.00759
0.212
0.681
0.0352
0.180
0.0619
0.00172
0.117
0.00315
0.486
0.00219
3.26
0.148
0.339
9.91

APPENDIX B
THE CALCULATED CONCENTRATIONS OF 32 TARGET COMPOUNDS AS A
WEIGHT PERCENTAGE IN BIO-OIL PRODUCED FROM
TREATED LOBLOLLY PINEWOOD
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Compound
Furfural
2-Methyl-2-cyclopentenone
5-Methylfurfural
3-Methyl-2-cyclopentenone
Phenol
3-methyl-1,2-cyclopentanedione
2-Methylphenol
3-Methylphenol
2-Methoxyphenol (o-Guaiacol)
2,6-Dimethylphenol
Levoglucosenone
2,4-Dimethylphenol
3-Ethylphenol
2,3-Dimethylphenol
2-Methoxy-4-methylphenol (p-Methylguaiacol)
1,2-benzenediol
3-Methyl-1,2-benzenediol
4-Ethyl-2-methoxy-phenol (4-Ethylguaiacol)
4-methyl-1,2-benzenediol
2,6-dimethoxyphenol
Eugenol
2-Methoxy-4-propylphenol (4-Propylguaiacol)
Vanillin
Isoeugenol
3,4-dimethylbenzoic acid
4-ethylresorcinol
Levoglucosan
Acetovanillone
Oleic Acid
Total

Measured
Calculated
Concentration Concentration
in Dilution
in Sample
(ug/ml)
(ug/g)

61.51
2.4
0.19
0.5
25
28.81
15.72
19.16
53.04
2.41
0
10.74
0.39
3.18
104.55
0.32
2.39
28.66
0.92
2.41
8.26
4.52
12.42
5.81
0.19
0.16
2246.7
0.07
41.01
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2957.21
115.38
9.13
24.04
1201.92
1385.10
755.77
921.15
2550.00
115.87
0.00
516.35
18.75
152.88
5026.44
15.38
114.90
1377.88
44.23
115.87
397.12
217.31
597.12
279.33
9.13
7.69
108014.42
3.37
1971.63

Calculated
Concentration
in Sample
(wt%)

0.296
0.0115
0.00091
0.00240
0.120
0.139
0.0756
0.0921
0.255
0.0116
0.000
0.0516
0.00188
0.0153
0.503
0.00154
0.0115
0.138
0.00442
0.0116
0.0397
0.0217
0.0597
0.0279
0.000913
0.000769
10.8
0.000
0.197
12.9

APPENDIX C
THE CALCULATED CONCENTRATIONS OF 32 TARGET COMPOUNDS AS A
WEIGHT PERCENTAGE IN BIO-OIL PRODUCED FROM
UNTREATED SWEETGUM
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Compound
Furfural
2-Methyl-2-cyclopentenone
5-Methylfurfural
3-Methyl-2-cyclopentenone
Phenol
3-methyl-1,2-cyclopentanedione
2-Methylphenol
3-Methylphenol
2-Methoxyphenol (o-Guaiacol)
2,6-Dimethylphenol
Levoglucosenone
2,4-Dimethylphenol
3-Ethylphenol
2,3-Dimethylphenol
2-Methoxy-4-methylphenol (p-Methylguaiacol)
1,2-benzenediol
3-Methyl-1,2-benzenediol
4-Ethyl-2-methoxy-phenol (4-Ethylguaiacol)
4-methyl-1,2-benzenediol
2,6-dimethoxyphenol
Eugenol
2-Methoxy-4-propylphenol (4-Propylguaiacol)
Vanillin
Isoeugenol
3,4-dimethylbenzoic acid
4-ethylresorcinol
Levoglucosan
Acetovanillone
Oleic Acid
Total

Measured
Calculated
Concentration Concentration
in Dilution
in Sample
(ug/ml)
(ug/g)

93.69
26.53
24.09
27.33
45.77
107.7
27.62
30.45
126.55
3.61
6.06
10.46
6.07
2.3
90.54
218.66
64.99
43.74
123.92
44.49
20.06
8.51
63.59
57.19
0.27
0.49
880.21
19.93
7.81
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4585.90
1298.58
1179.15
1337.74
2240.33
5271.66
1351.93
1490.46
6194.32
176.70
296.62
511.99
297.11
112.58
4431.72
10702.89
3181.11
2140.97
6065.59
2177.68
981.89
416.54
3112.58
2799.31
13.22
23.98
43084.19
975.53
382.28

Calculated
Concentration
in Sample
(wt%)

0.459
0.130
0.118
0.134
0.224
0.527
0.135
0.149
0.619
0.0177
0.0297
0.0512
0.0297
0.0113
0.443
1.07
0.318
0.214
0.607
0.218
0.0982
0.0417
0.311
0.280
0.00132
0.00240
4.31
0.0976
0.0382
10.7

APPENDIX D
THE CALCULATED CONCENTRATIONS OF 32 TARGET COMPOUNDS AS A
WEIGHT PERCENTAGE IN BIO-OIL PRODUCED FROM
TREATED SWEETGUM
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Compound
Furfural
2-Methyl-2-cyclopentenone
5-Methylfurfural
3-Methyl-2-cyclopentenone
Phenol
3-methyl-1,2-cyclopentanedione
2-Methylphenol
3-Methylphenol
2-Methoxyphenol (o-Guaiacol)
2,6-Dimethylphenol
Levoglucosenone
2,4-Dimethylphenol
3-Ethylphenol
2,3-Dimethylphenol
2-Methoxy-4-methylphenol (p-Methylguaiacol)
1,2-benzenediol
3-Methyl-1,2-benzenediol
4-Ethyl-2-methoxy-phenol (4-Ethylguaiacol)
4-methyl-1,2-benzenediol
2,6-dimethoxyphenol
Eugenol
2-Methoxy-4-propylphenol (4-Propylguaiacol)
Vanillin
Isoeugenol
3,4-dimethylbenzoic acid
4-ethylresorcinol
Levoglucosan
Acetovanillone
Oleic Acid
Total

Measured
Calculated
Concentration Concentration
in Dilution
in Sample
(ug/ml)
(ug/g)

233.67
7.25
61.77
8.33
29.19
40.47
8.12
18.64
36.16
1.03
44.2
3.55
22.25
15.03
46.83
69.7
26.63
22.96
111.52
69.67
6.07
2.1
19.55
67.61
0.19
0.81
3159.31
9.06
0.8
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11365.27
352.63
3004.38
405.16
1419.75
1968.39
394.94
906.61
1758.75
50.10
2149.81
172.67
1082.20
731.03
2277.72
3390.08
1295.23
1116.73
5424.12
3388.62
295.23
102.14
950.88
3288.42
9.24
39.40
153662.94
440.66
38.91

Calculated
Concentration
in Sample
(wt%)

1.14
0.0353
0.300
0.0405
0.142
0.197
0.0395
0.0907
0.176
0.00501
0.215
0.0173
0.108
0.0731
0.228
0.339
0.130
0.112
0.542
0.339
0.0295
0.0102
0.0951
0.329
0.00092
0.00394
15.4
0.0441
0.00389
20.1

APPENDIX E
THE CALCULATED CONCENTRATIONS OF 32 TARGET COMPOUNDS AS A
WEIGHT PERCENTAGE IN BIO-OIL PRODUCED FROM
UNTREATED SWITCHGRASS
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Compound
Furfural
2-Methyl-2-cyclopentenone
5-Methylfurfural
3-Methyl-2-cyclopentenone
Phenol
3-methyl-1,2-cyclopentanedione
2-Methylphenol
3-Methylphenol
2-Methoxyphenol (o-Guaiacol)
2,6-Dimethylphenol
Levoglucosenone
2,4-Dimethylphenol
3-Ethylphenol
2,3-Dimethylphenol
2-Methoxy-4-methylphenol (p-Methylguaiacol)
1,2-benzenediol
3-Methyl-1,2-benzenediol
4-Ethyl-2-methoxy-phenol (4-Ethylguaiacol)
4-methyl-1,2-benzenediol
2,6-dimethoxyphenol
Eugenol
2-Methoxy-4-propylphenol (4-Propylguaiacol)
Vanillin
Isoeugenol
3,4-dimethylbenzoic acid
4-ethylresorcinol
Levoglucosan
Acetovanillone
Oleic Acid
Total

Measured
Calculated
Concentration Concentration
in Dilution
in Sample
(ug/ml)
(ug/g)

30.13
15.26
0.62
14.48
41.79
65.89
5.42
10.47
36.55
0.33
3.4
1.21
8.04
0.32
8.79
87.84
15.18
6.23
18.1
39.86
0.63
0.25
16.69
5.02
0.05
0.98
201.34
2.22
0.29
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1342.09
679.73
27.62
644.99
1861.47
2934.97
241.43
466.37
1628.06
14.70
151.45
53.90
358.13
14.25
391.54
3912.69
676.17
277.51
806.24
1775.50
28.06
11.14
743.43
223.61
2.23
43.65
8968.37
98.89
12.92

Calculated
Concentration
in Sample
(wt%)

0.134
0.0680
0.00276
0.0645
0.186
0.293
0.0241
0.0466
0.163
0.00147
0.0151
0.00539
0.0358
0.00143
0.0392
0.391
0.0676
0.0278
0.0806
0.178
0.00281
0.00111
0.0743
0.0224
0.000
0.00437
0.897
0.00989
0.00129
2.84

APPENDIX F
THE CALCULATED CONCENTRATIONS OF 32 TARGET COMPOUNDS AS A
WEIGHT PERCENTAGE IN BIO-OIL PRODUCED FROM
TREATED SWITCHGRASS
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Compound
Furfural
2-Methyl-2-cyclopentenone
5-Methylfurfural
3-Methyl-2-cyclopentenone
Phenol
3-methyl-1,2-cyclopentanedione
2-Methylphenol
3-Methylphenol
2-Methoxyphenol (o-Guaiacol)
2,6-Dimethylphenol
Levoglucosenone
2,4-Dimethylphenol
3-Ethylphenol
2,3-Dimethylphenol
2-Methoxy-4-methylphenol (p-Methylguaiacol)
1,2-benzenediol
3-Methyl-1,2-benzenediol
4-Ethyl-2-methoxy-phenol (4-Ethylguaiacol)
4-methyl-1,2-benzenediol
2,6-dimethoxyphenol
Eugenol
2-Methoxy-4-propylphenol (4-Propylguaiacol)
Vanillin
Isoeugenol
3,4-dimethylbenzoic acid
4-ethylresorcinol
Levoglucosan
Acetovanillone
Oleic Acid
Total

Measured
Calculated
Concentration Concentration
in Dilution
in Sample
(ug/ml)
(ug/g)

249.97
9.31
103.99
11.85
42.51
62.25
7.14
33.24
51.2
0.88
41.16
5.09
52.69
36.66
62.33
93.85
22.48
35.16
51.96
57.59
7.8
2.57
28.1
111.16
0.06
1.02
2857.54
11.65
4.28
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12561.31
467.84
5225.63
595.48
2136.18
3128.14
358.79
1670.35
2572.86
44.22
2068.34
255.78
2647.74
1842.21
3132.16
4716.08
1129.65
1766.83
2611.06
2893.97
391.96
129.15
1412.06
5585.93
3.02
51.26
143594.97
585.43
215.08

Calculated
Concentration
in Sample
(wt%)

1.26
0.0468
0.523
0.0595
0.214
0.313
0.0359
0.167
0.257
0.00442
0.207
0.0256
0.265
0.184
0.313
0.472
0.113
0.177
0.261
0.289
0.0392
0.0129
0.141
0.559
0.000
0.00513
14.4
0.0585
0.0215
20.4

APPENDIX G
THE CALCULATED CONCENTRATIONS OF 32 TARGET COMPOUNDS AS A
WEIGHT PERCENTAGE IN BIO-OIL PRODUCED FROM
UNTREATED CORN STOVER
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Compound
Furfural
2-Methyl-2-cyclopentenone
5-Methylfurfural
3-Methyl-2-cyclopentenone
Phenol
3-methyl-1,2-cyclopentanedione
2-Methylphenol
3-Methylphenol
2-Methoxyphenol (o-Guaiacol)
2,6-Dimethylphenol
Levoglucosenone
2,4-Dimethylphenol
3-Ethylphenol
2,3-Dimethylphenol
2-Methoxy-4-methylphenol (p-Methylguaiacol)
1,2-benzenediol
3-Methyl-1,2-benzenediol
4-Ethyl-2-methoxy-phenol (4-Ethylguaiacol)
4-methyl-1,2-benzenediol
2,6-dimethoxyphenol
Eugenol
2-Methoxy-4-propylphenol (4-Propylguaiacol)
Vanillin
Isoeugenol
3,4-dimethylbenzoic acid
4-ethylresorcinol
Levoglucosan
Acetovanillone
Oleic Acid
Total

Measured
Calculated
Concentration Concentration
in Dilution
in Sample
(ug/ml)
(ug/g)

35.54
13.61
0.65
16.23
43.96
62.85
8.37
10.05
30.17
0.54
10.14
2.35
8.51
0.44
12.36
33.31
3.37
6.07
3.57
17.09
1.2
0.46
12.52
3.57
0.11
0.95
446.05
2.26
0.36
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1724.41
660.36
31.54
787.48
2132.95
3049.49
406.11
487.63
1463.85
26.20
491.99
114.02
412.91
21.35
599.71
1616.21
163.51
294.52
173.22
829.21
58.22
22.32
607.47
173.22
5.34
46.09
21642.41
109.66
17.47

Calculated
Concentration
in Sample
(wt%)

0.172
0.0660
0.00315
0.0787
0.213
0.305
0.0406
0.0488
0.146
0.00262
0.0492
0.0114
0.0413
0.00213
0.0600
0.162
0.0164
0.0295
0.0173
0.0829
0.00582
0.00223
0.0607
0.0173
0.00053
0.00461
2.16
0.0110
0.00175
3.82

APPENDIX H
THE CALCULATED CONCENTRATIONS OF 32 TARGET COMPOUNDS AS A
WEIGHT PERCENTAGE IN BIO-OIL PRODUCED FROM
TREATED CORN STOVER
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Compound
Furfural
2-Methyl-2-cyclopentenone
5-Methylfurfural
3-Methyl-2-cyclopentenone
Phenol
3-methyl-1,2-cyclopentanedione
2-Methylphenol
3-Methylphenol
2-Methoxyphenol (o-Guaiacol)
2,6-Dimethylphenol
Levoglucosenone
2,4-Dimethylphenol
3-Ethylphenol
2,3-Dimethylphenol
2-Methoxy-4-methylphenol (p-Methylguaiacol)
1,2-benzenediol
3-Methyl-1,2-benzenediol
4-Ethyl-2-methoxy-phenol (4-Ethylguaiacol)
4-methyl-1,2-benzenediol
2,6-dimethoxyphenol
Eugenol
2-Methoxy-4-propylphenol (4-Propylguaiacol)
Vanillin
Isoeugenol
3,4-dimethylbenzoic acid
4-ethylresorcinol
Levoglucosan
Acetovanillone
Oleic Acid
Total

Measured
Calculated
Concentration Concentration
in Dilution
in Sample
(ug/ml)
(ug/g)

158.85
8.78
89.97
10.79
42.17
62.16
8.02
29.48
68.19
1.14
22.16
4.58
48.08
31.97
67.28
88.28
23.32
42.22
38.59
82.55
14.72
4.29
47.84
182.71
0.19
1.52
1875.09
12.21
19.26
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7555.29
417.60
4279.19
513.20
2005.71
2956.48
381.45
1402.14
3243.28
54.22
1053.98
217.84
2286.80
1520.57
3200.00
4198.81
1109.16
2008.09
1835.43
3926.28
700.12
204.04
2275.39
8690.13
9.04
72.29
89183.83
580.74
916.05

Calculated
Concentration
in Sample
(wt%)

0.756
0.0418
0.428
0.0513
0.201
0.296
0.0381
0.140
0.324
0.00542
0.105
0.0218
0.229
0.152
0.320
0.420
0.111
0.201
0.184
0.393
0.0700
0.0204
0.228
0.869
0.000901
0.00723
8.92
0.0581
0.0916
14.7

